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GAMMA TRANSITIONS FROM THE 15-Mev LEVEL IN CARBON-12

Charles N. Waddell

Radiation Laboratory
University of California
Berkeley, California -

August 13, 1957

ABSTRACT

The radiative transitions from the 15.1-Mev T =1 level of _Clz' have

‘been observed with a pair spectrometer and a NaI(Tl)' crystal. The

spectrum measured at 80° with respect to the direction of a 31-Mev
proton beam incident on a thick carbon target shows gamma rays of
15.1, 12.8, and 10.7 Mev with relative intensities of 1: 0.090 + 0.015 :
0.095 + 0.014. The 10.7-Mev gamr‘naA ra’y results from the’ transition to
the first excited state of Cl_2 and the 12.8+0.2-Mev gamma ray can be
identified as the gbrourid-state’transition from the 12.76 -Mev level of C}'Z.

The excitation function for the broduction'of the 15.1-Mev level by
the inelastic scatte ring of protons.has been measured from threshold to
340 Mev. The variation in yield near threshold is consistent with that
expeéted from penetration of the Coulomb barrier bywl = 0 outgoing
protons. The variation in yield for higher-energy protons (~ 60 to 340 Mev)
is in agreement with calculations based on the assumption of excitation
through the collision of the inéorhing proton with a nucleon within the
entire volume of a spherical nucleus. '

The relative intensity of 15.1-Mev and 4.43-Mev gamma rays ob-
tained in reactions inhibited by the conservatipn of isotopic spin has been
compared with the relative intensity obtained in allowed reactions. In
each of the allowed reactions —Clz(p,p')"'Clz*,- Clz(n,n')Clz*, B_ll(d, ,n).Clz*,

@ * '
Beg(a, n)C12 - there was an observable yield of 15.1-Mev gamma rays.
' 12% 12 1y~ 12%

In the forbidden reactions—ClZ(d,d’.)C , C 7 (a,a’)C —~there was no

observable yield until the energies of the incoming particles were

’ sufficiently high to pe rmit breakup of the outgoing particles. The

measurements indicate that mixing of isotopic spins in the first T = 1

level is comparable to the mixing expected for the ground state.
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even parity, and hence cannot decay into two a particles.

4.
Introduction

in which

’

In connection with studies of proton bremsstrahlung,
a 18,00 pair spectrometer was used to analyze the photon spectrum, a
gamma ray of 15,2 £ 0.2 Mev was observed superimi:)osed on the
bremsstrahlung spectrum’whe’n carbon was used as a target. 3 U.po.'n -
consulting the literature4 we could find no evidence fer the emission of
a gamma i'ay of this energy froh ény of the light nuclei, although there

was evidence for a 15. 09 - Mev level in the neutron spectrum from B11

(d, )Clz‘. 5 All nuclei except He4 are unstable aga1nst particle emlss1on

when excited to 15 Mev. However, for the Be8 and. C nuc1e1,a1pha erm‘s\s10n
is the only mode of particle decay available at 15 Mev excitation energy.

Since the alpha particle has no spin, the selection rules a,ri'sing out of

. the need to conserve parity and angular momentum can prohibit a

emission from an excited state, leaving vy emission as the only‘a‘va_ilable
mode of decay. A A ‘ :

A well -knoWn example of this phenorhenon is found in the formation -
of the 17.63-Me6v excited state of Be8 By the resonant capture of 440-kev
protons by Li7b. It has been established that this state has Ji = 1 and
47 This state
decays through the emission of a 17.6-Mev y ray to the ground state, and
of a 14.4-Mev y ray to the first excited state of Be8'.

The question then arises, is there a s1m11ar 51tuat10n ex1st1ng to
proh1b1t the em1ss1on of an a particle from a 15-Mev state in C ? The
ot ground state and the 2t first excited state of Be8 are accessible to’ _

a deeay with an energy release of 7.7 and 4.8 Mev respectively. Knowled'ge--

- of the spins and par1t1es of the final states would permit the assignment

of the spin and parity of the excited state in C 12 upon determinination of
the orbital angular momentum involved in such a decay. Examination

of Table I indicates that the laws of conservation-of angular momentum

and parity do not prohibit a emission from a 15-Mev state of spin and

pari‘ty that permit an electromagnetic transition to the ground state.
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..Table I

Conservat1on of angular momentum and of par1ty in alpha decay of an “
excited state of C :

v . _ 7
If the Be® o and the orbital. ~ then the initial
final state ' ‘angular momentum state in C
. ' ‘ is : _ . is
18
¢ =0 (s) ~ot
ot 0 =1 (p) | 1°
t=2 (d 27
, ' -g =0 (s) 2t
2t t=1 (p)  170or 37
0 =2 (d) ot 2t a3t or 4t

ThlS fact suggested the very unpleasant poss1b111ty that there could
concelvably have been error 1n the cal1brat10n of the pair spectrometer by
“the floating -wire technlque and that we were indeed (as suggested by
R others) seeing the vy rays from the 17.6-Mev level of Be8. Accordmgly
the 20- ton pair.- spectrome ter magnet was moved to the rear of the Linear
Accelerator Bu11d1ng so that we could look at the y rays from Be *

The Van de Graaff 1n3ector was used to accelerate protons, which were
captured in a thick L1 target and produced Be <. This experiment
verified the calibration techmque and clearly established that we were
not seeing the decay of the 17.6-Mev state of Be8

~We therefore had the task. of dete rm1n1ng whether the Y ray came

from a state in Be8 or C . It seemed very unlikely that the y ray \
should come from C]‘2 —> Be 81'5-M + a, since the lowest- -energy state
in C1 available to this reaction would be 7.374 + 15 = 22, 4 Mev and o
‘the probability of a emission would be strongly dec:reased because C’ 12
is unstable against neutron and proton em1sswn at this exc1tat1on ene rgy. . ¥

" The physmal size of the pair spectrometer limited us in the early stages
of the work to the use of the 184-inch synchrocyclotron, so that we were

not able until later to use a threshold technique to make the determination.



\)

b=

hi

-6-

We were, however, able to use a variety of reactions. The 15-Mev

y ray was observed with a carbon target for proton ene rgies ranging

from ~ 30 to 340 Mev, but was not observed in the proton bombardment

of Be,B, and 0. It was _observed in the deuteron bombardment of = =,
hatural_ boron(81% B“.), in which deuterons of 18, 30, and 50 Mev
were incident on a thick target. It Was not observed in the deuteron
bombardment of a thick target of B . Referring to Fig. 1, we see

that the reaction B11 +d —'—)C + n will excite 1e§/els in C12 above

: A
13.734 Mev, and that the reaction B11 +p —.%Cl'z» will excite levels in

Cl'2 above 15.957 Mev. If the y ray originated from the decay of a

15-Mev level in C12 we should expect to see the decay in B11 +d

and not in Bl.1 + p;, as the latter reaction would require the emission

of a low-energy photon to the 15-Mev state followed by a transition

to the ground state., On the other hand, if the 15-Mev le\/'"el were in
Be8, we would expect a yield from the B11 + p reaction as well. as |
from B +d. The fact that we did see the y ray from Bl'1 + d and not
from B11 +p further 1ndlcates that we were seeing the decay of a 15- .
Mev level in C ‘

After announcement that this gamma ray had been seen, 8 we
received\a communieation'from V. K. Rasmussen et al. 9 of Indiana
University stating that they had verified the production of a 15-Mev
gamma ray in the,'deuteron. bombardment of Bll., They also observed
the y ray from the bombardment of a thick beryllium target by 21.7-

Mev a particles. This fact suffices to prove that the radiation comes )

’from an excited state in Cl‘z, since a 15-Mev state in Be8 is not

9

energetically accessib'l_e in the bombardment of Be ’ with 21.7-Mev

a particles (see Fig. 1).

Once it is established that the radiating level is in C 2, it is
apparent that some selection rule must be operating to inhibit a
emission. The decreased a width may be understood if we say that we
are dealing with a state of isotopic spin T = 1. Both states in ‘Bes that
are available through a decay are T = 0, and the vHe45 nucleus is also
T = 0, so that requiring the conservation of isotopic spin in nuclear

reactions forbids thelo’ 1 decayofa T =1 level in C12 by a emission.
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~gamma rays and the associated proton has been reported by Gove et al.
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The isobaric triplet having states of the same character would be B12
123%

C , and NIZ. The first T = 1 state in C12 is the analogue of the

ground states of Blz‘and N7, and calculations of its excitation

energy yield 15.4 and 15.19 Mev. 12 These energies-were .obtained from.

the masses of B12 and le after ,correetion for the neutron-proton mass

difference and for the Coulomb energy diffe.rence between members of

the 1soba,r1c set.

From th1s point on, the expe r1ment was concerned Wlth the

follow1ng pomts

(a) determmatwn of the characteristics of the C level'

. (b) the 1nvest1gat10n of the role of conservatmn of 1sotop1c spin. in

nuclear reactions, and , o ‘

(c) the invesv'tigatinn of the me chani“sm for producing this excited state
in nuclear reactions. | , L ,
Add1t10na1 data regardlng the 15.1-Mev level have been reported since

the pubhcatmn of References 3 and 9. Barnes and Kavanagh report

the measurement of the threshold for producing 15.1-Mev y rays in the

reaction B (d )C12 13, ‘14 The threshold for neutrons from the

*
formatlon of this state from Bll( d, n)C12 has alsc been reported by

, ' ' 2%
Marion, Bonner and Cook. 15 A proton group from Blo(He.3, p)C12
proceedmg to a level at 15.1 £ 0. .1 Mev has been found by Bigham, Allen,

and Almqv1st at Liverpool. 16 Further work on the reaction B™ "(H e , P)

Clz* in Wthh coincidences have been measured between the 15.1-Mev
T 17

In addition Gove reports the observation of coincidences between gamma

rays of 4.43 and 10.7 Mev - correspondmg to transitions from the 15.1-Mev
level to the f1rst excited state of Clz 18 Fuller, Hayward, and
Svantesson  have observed elastic _scdttering of 15.1-Mev photons from
Cl_2 irradiated with brems:s‘trahlun‘g from the NBS betatron. 19 Measure -
ments of the attenuation produced when a carbon absorber is placed be -
tween the betatron and the scattermg target, and of the absolute number

of photons scattered, have been combined to yield values for [t
. 20,21,22

¥o’ | , _

of elastically scattered photons at NBS and find it to indicate the assign-

Leiss and Wyckofhave measured the angular distribution

ment of J = 1 for the 15.1-Mev level. 2z More complete reference to these

data is made at appropriate places within the thesis.
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- II. INSTRUMENTATION

A . Magnetic Pair Spectrometer

A gamma ray ofie.nergy greatér than 2 rncz' can, in passing
through material, interact with the Coulomb field of a nucleus and
produce an'electron-positron pair. Since the mass of .t'he electrons is
much smaller than'the mass of the nu’cleﬁs, the electron pair carries
away most of the energy of the gamma ray and thus the center of
gravity of the pair moves almost collinearly with the photon. The
measurement of the energies of the electron and the positron yields the
energy of the initiating photon. The spectrometer used in these experi-.

. ments Iierforms a magnetic analysis of the paii's produced in a thin
converter. A diagram of the apparatus is shown in Fig. 2, which is a
horizontal cross section through the gap of a large magnet used to produce
a magnetic field perpendicular to the plane of the paper.

The particles of the pair produced in the converter follbw circular
‘paths in the magnetic field. A fraction of the po‘si.tr'ons will enter one
of the ten geigér counters in the rigﬁt bank, and similarly, a fraction
of the electrons will enter one of the ten geiger counters on the left.
Coincidences are observed between any one of the ten positron counters
ahd an.y one of the ten electron counters giving, in all, 100 possible
‘coincidence pairs. If a coincidence is observed between two counters
whose separation is 2r, then the sum of the radii of curvature of the
positron and electron (r+ and r’) is equal to r. The momentum of an

-~ electron is proportional to Hr, so that the sum of the momenta of the

positron and electron is

p+ + P- acH (r+ +r)=Hr.

The 'ene.rgy.of the _it_ritilabting photon is equal to the total energy of the pair,

or ' r v
e _ R ) 2 2 h
$ -2 21/2 2 21/2 ¢ 1/2 1/2
k=" +E :(p++p'-)/ +(pr_+u)/ =p+(1+—'"iz—)/+P_(1+EZ")/ -
| Py | . ¥
for

. ) A
P )}‘\ M, P )}‘ K, then
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Fig. 2. Schematic view of the 19-channel pair spectrometer.
-~ The diagram shows a horizontal cross section.through the
gap of a large magnet used to produce a magnetic field per-
pendicular to the plane of the drawing.
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| 2 2
kwp (L+E- y4p (14 2o
: 5 2 - > 2
p+ . . ' 'p_
. . }.LZ -
P, tp) (L 4+ — ),
2p.P_ .
2
kacHr (1 +-5 ),
2p.p_
The correction term u /Zp P depends upon the 1nd1v1dua1 momenta,
p and p, and thus upon the particular pair of G-M tubes of spacing
2r that take part in the coincidence. We may calculate the correction
term u31ng the approximation k= p+ + p . The correction for the pair
of equldlstant geiger tubes is
2 2 2
M ~ M - 2p
2 ‘ k., k 2
PePo 25305k
The limiting case for the spectrometer used is P, = 0.7k, Pr= 0.3k, .
for which the correction term is
Mz' ‘ W2 W2
= =2.38 —
2p+p 2(0.7k)(0.3k) k
Using the average of these two we may write
" 2
k « Hr [1 +2.19 -"-—} ,
kz :
The pair spectrometer was designed for use in the 10- to 150-Mev energy
range, and the correction term for a 10-Mev photon is 5. 5 x 10°3, This
is ve ry rhuch smaller than the resolution of the spectrometer due to
geiger tube width, so that we may write '
. v
k cHr.
The above discussion indicates that in a uniform field, ‘all pairs
' ¥

of counters having the same separation are sensitive to gamma rays

of the same energy. It is of course necessary to verify that at any
particular magnetic field setting the magnetic field remains sufficiently
uniform that the eléctron or positron enérgy is proportional to r. This

\}erification was made by use of the floating-wire technique. 1 The
magnetic field was also calibrated absolutely at several points in the

field, by use of a nuclear induction apparatus. An independent check
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of the calibration was obtained by observing the 17.6 Mev gamma ray
emitted by Be8 produced in the reaction L17 + p— Be 8*. 4,24 The
agreement between the three calibrations was within the experimental
errors.

A block diagram of the electronics used in the expe rirnen.-t.is
shown in Fig. 3. An electron-positron pair is detected by Geiger-
Muel'le.r tubes in both the left and rigﬁt banks. The resulting G-M tube
. pulses are changed to 1 microsecond pulses in the pulse -forming unit
and a coincidence is detected in the 10-channel quad mixer. If pulses
from the left and right banks occur within‘the resolving time of ~/1
pusec, a gate signal is fed to the . 35: channel gated amplifier The
. two gated G-M tube pulses tngger one -shot multivibrators whlch

| produce 20-millisecond pulses suitable for actuating registers. These
pulses are fed to the G-M registers, which menitor the coincident
counting rate in individual G-M tubes, and to the 10 by 10 coincidence
matrix, which is used to sum counts from pairs of G-M tubes of the
same separation. The outputs from the matrix are recorded in the 29-
channel registers. ’

Spurious counts can occur if .

(a) counts from the left and rlght banks "acc1denta11y" occur dur1ng

| the resolving time, .

(b) a count appears on the left or right' bank in coincidence with a true
event: and '

(c) two: redlevents occur within the ~10-msec resolving time of the
10-by-10 matrix.

The spurious counts were eliminated or subtracted as follows:
(a)- the number of accidentel -counts was monitored with an identical

coincidence circuit fed with the pulses from the left bank delayed

with respect to those frpnﬁ the right bank. The resolving times of

the two coincidence circuits were made eqvualvthi'ough the use of a

- Berkeley double -pulse generator. The adjustments were checked
by feeding random pulses into the left and right banks. The beam
level was normaily reduced to the point where the accidental ratio

was <10%. In order to obtain the accidentdb® spe'c"'t;ra, the output of
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'Fig. 3. Block diagram of pair-specti'or'neter electronics.

.
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‘:the scaler-gating unit was fed to the 35-channel gated amplifiers
to permit recording the singles rates on the G-M tubes during
the beam puise. From these rates one can calculate the shape of
the accidental’ spectra and normalize to the number of accidental
c.ount’s during a run. This procedure sube_ktantial'ly reduced the
amount of beam time necessary to make a subtraction of accidentals.,
(b) The output of the pulse-forming unit was designed to_give an output -
| pulse whose amplitude depends upon the number of G-M tubes
firing within a 1qusec resolving time.. Thus, if a true left-and-
right coincidence is accompanied by a spurieus left count, the
left output of the pulse-forvmi-ng unit is of double height. A
germanium d1ode d15cr1mmator circuit is then used to produce an
""anti'' pulse, which is put in ant1c01nc1dence with the true event.
It can be seen that the relative probablhty that counts in any energy
channel are suppressed through the action of the anticoincidence
circuit is proportmnal to the counting rate in each energy channel
Thus, the elimination of these spurious events does not lead to a
distortion of the measured spectrum. However, a scaler was
used to monitor the number of left and right events so that the data
could be corrected for those events that were eliminated by th1s c1rcu1t
(c) If two separate coincidences are allowed to arrive at the matnx
‘ separated by less than ~/10 msec, then it can be seen that as many
as foﬁr'registers could record, giving two 'false counts. ‘The dead-
time circuit pe rmits gates to be passed to the 35- channel gated
amp11f1ers only if they are separated by more than 20 msec. As
is indicated in the preceding section, the suppression of events
that occur within the 20-msec dead time does not lead to distortion
of the measured spectrum However, as above; the numbers of
gates before and after the dead-tirne circuits were recorded in
order to correct the data for events that were eliminated.” Under
normal operating corrditions,’ reducing the beam to the level where
the accidental ratic was small also made the number of counts not
registered negligible.
A more complete description of the ele¢tronics equipmentis to be

found in Reference 1.
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The various factors that can contribute to the resolution df,the

-spectrometer are the. following:

1. .The Finite Width of the Counters

The energy width of ‘a channel is determined by the dimensions

" of the G-M counters. If only the size of the counters determined the
line shape, we would obtain a triangular resolution function. That is,
for a monoenergetlc gamma- ray, as the magnetic field is changed the
count1ng rate in a single energy channel would be an isosceles triangle
(Fig: 4). The base of the triangle would have a width

H' - H . = " ﬁ;W HO 9

max min r

whe re W = width of G-M tubes, 2r is the separation of G M tubes in
a channel and I—IO is the field for max1mum counting rate The counter
separatlon is different for each of the output channels; the inner pair
of G-M tubes (Channel 1) have w/r = 0.16 alnd the outer palir (Channel 19)
have w/r = 0.06. Using an average value, we obtain the resolution at

half maximum due to counter width alone as

—

AT @ L H,« 0.05H
=70 0
2r
It 1s i'mi)ortént to note that when the magnetic field is fixed, the counts
due to a monoenerget1c gamma ray appear in two ad_]acent channels

that overlap in energy. ‘
2. The Angular Divergence of the Em1tted Electrons

If either electron of a pair is emitted or scattered in any direction
‘in which the horizontal component of motion does not lie along the normal
to the converter it will appear-to have too low an energy because of the
property of 180° focusing. The result is to make the observed line
shape asymmetrical, with a tail on the low-energy side (Fig. 5). If the "
vertical component of motion does not lie along the normal to the con-
verter, it is possible for the emitted electron to miss the G-M tube, o %,
thus reducing the counting rate of the spectrometer.. The correction
for vertical scattering is the same, to first order, for all gamma

rays measured at'a fixed magnetic field.
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Fig. 4. Effect of Gelger Mueller tube w1dth on the line shape
of the pair spectrometer.
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The process of creating an electron-positron pair through the

~ absorption of a gamma ray does not produce electrons along the direction
of the incident photon, but rather gives a characteristic angular distri-
bution for the electrons (see Appendix 1). In addition, the electrons

can be scattered as they pass through the converter. The relative
importance of these effects.is governed by the thickness of the converter,
bec‘ause --for example --a very thin converter will not produce scattering,
so that one need consider only the angular distribution obtained in the
proceés of pair production. It is shown in Appendix 2 that mulktiple
scattering of the electrons is the predominant rhechanism ope rating

for thicknesses of converters used in the spectrometer.

As is shown in Appendix 4, the counting rate, or efficiency, of the
spectrometer is determined primarily by the vertical scattering, and
-thé line shépé is determined primarily by the horizontal scatte i‘ingo
Siﬁce the effect of 180° focusing is to reduce the apparent radius of
curvature of an electron ejected with a horizontal component of scattering,
horizontal scattering does affect the efficiency, or counting rate, of the
spectrometer. A gamma ray that is being measured with a magnetic
field setting such that the couhting is being done in the lower ene rgy
’channels will have a reduced counting rate, since the horizontally
scattered electrons can have an apparent radius of curvature less than
that of the innermost G-M tube. On .the other hand, when a gamma ray
is being measured in the higher-energy channels, the counting rate, or
efficiency, will be increased by the s’cattering of electrons that would,
in the absence of scattering, have radii of curvature too large for the
outermost G-M tubes and that can, after scattAering, enter the sensitive
area of the spectrometer and be counted. This effect changes the
relative efficiencies, or counting rates , of the_~1o,wler-. and higher-

energy channels.
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Fig. 5. Effect of multiple scattering of electrons in the converter
on the line shape of thevp_air:_spectrometer_. ,
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3. Scattering of Electrons by Pole Faces and Foil in Front of Counters

Because  of scattering the edge of a counter is not sharply defir.;ed
as far as the electrons are concerned. Any effect observed as a result
of these scatterings should be 'app.roximately synmimetrical on the high-
and low-energy sides. For a 5-Mev electron, the effect of the foil is
to increase the width of the G-M tube by ~1%, which is insignificant
with regard to resolution and efficiency. The electrons that strike
the pole faces, and which may subsequently be scattered, are those
that have experienced a sufficient amount of vertical scattering in thé
converter to cause them‘to miss the G-M tubes. Thus using a thin con-
verter to reduce scattering loss also minimizes line -shape distortion
due to scattering from the pole faces. In additior_l,' the pole faces were
1ineﬂ with aluminum to reduce the fraction of incident electrons that
scatter into the G-M tubes. -

4. Deviations from Normal Incidence of Gamma Rays Striking the

Converter Far from its Center.

The effect of angular dive rgence arising from nonnormal incidence
of gamma rays on the converter is to lower the observed energy of a
gamma ray. Because Ehe distance from the ta'rget to the converter is
large (~/ 40 ft at the éyclotron, 15 ft at the linac) compared with the
width of the conve rter (2.5 inches), this effect is negligible. '

5. Energy Loss by Electrons . in the Converter

Loss of energy throug‘h,collisions by the electrons in the converter
causes the peak to shift toward lower energies by just the amount of the
average energy loss (Appendix 2). In addition to shifting the position,
energy losé in the converter also produces a small loss in resolution.
This arises from the fact that electrons traverse thicknesses of the
converter ranging from zero to the full thickness (Fig. 6). This factor
was taken into account in the computation of the line shape and efficiency
of the spectrometer, but it is small compared with the effect of multiple

scattering.-

@
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Energy loss due to radiation tends to make the shape of a gamma
line asymmetrical, with a tail on the low-energy side, rather than to
shift the position of the peak (Fig. 7). However, observation with an
instziument, of finite resolution results in appearance of the maximum
counting rate in a lower-energy channel. In Appendix 3 it is shown
that the effect of radiation stréggling is small compared with multiple
scattering, for converter thicknesses used in this experiment. Itis
interesting to note that the processes of pair production, bremsstrahlung,
and multiple scattering vary as z? (i.e., as thg number of radiation
1engths), whereas collision loss depends upon Z. Thus choice of a
converter material does not affect the relative importé.nce of the first

three processes, but the last process may be reduced in importance

through the choice of high-Z material. For this reason, Ta was used

as the converter material as a compromise between high Z and suitable
physical properties.

6. Misalignment of the Converter

If the pair is produced at a position not in line with the G-M tubes,
the focusing property of the 180° geometry reduces the apparent energy

of the gamma ray. The fact that proper focusing was dstained in the

- plane of the G-M tubes was verified during the calibration of the spectro-

meter, using the wire-orbit method. The phenomenon of energy reduction
was mahifeste_d during the first run wivth the new-converter changer when
it was observed that the energy of the 15-Mev gamma ray had shifted
downward. Investigation showed that eddy currents produced in the frame
of the holder during the changing of the magnetic field had shifted the
position of the converter. Thenceforth the position of the converter was

checked following each change in magnetic field.

T .Paii's Produced in the €hamber,

As with converter misalignrhent, pairs not produced in the converter
foil result in the observation~6f a gamma ray of reduced energy. This
effect is eliminated by careful collimation and alignment. To test the
alignment,’a dummy converter holder was used to make a converter-out
subtraction. It was found that, for most runs, the counting rates with

the converter removed was equal to the accidental rate,



21-

~
w
=
=
Sl . THICK THIN E
CONVERTER ~CONVERTER §
L) .
: | I | I l T
30 . 25 .20 15 10 .05 0
AE  (MEV)
o B MU-=13034
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in the converter on ‘the line shape of the pair spectrometer.
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- -23-

B. NaI(T1l) Crystal

The technique of gamma-ray spectroscopy using scintillation
counters with thallium-activated sodium iodide as a scintillation phosphor,
as introduced by Hofstadter, 26 is well known, and several reviews on

27, 28,29, 30, 31 Gamma rays interact

- the subject have been written.
with the phosphor by three principal processes —Compton scattering, S
photoeiectric effect, and pair production, Tébles of the cross sections ‘
for these processes for different materials have been calculated and are
available for calculati'ons of efficiency. 32,33
In order to determine the total number of interactions occurring
in the crystal it is necessary to know the expected pulse -height distri-
butipns for gamma rays of different energies in a crystal of given dimensions.
If we consider only primary interactions, the photoelectric effect gives
a "Iine" spectrum corresponding to the full energy of the gamma ray,
assuming that no x-rays escape from the crystal. The Compton effect
gives ri‘se to a broad distribution of pulse heights cérresponding to the
eriergi_es of the recoiling electrons. This distribution has é sharp upper
vlirn'ift resulting from an electron of energy ‘
2E >
E - Y
mM3X  2E_ + mc?)
_ Y
The pair-prgduc’tion process gives rise to a "1ine'.' at an energy
EI =hv - 2 mc festilting’ from the energy loss of the electron-positron
pair. The observed spectra differ considerably from those expectéd'on
the basis of primary interactions only. The additional factors affecting
the_spectrva are: |
(a) The finite resolution of the c"rystal-photomultiplier system; -arising
from the statistics of light production and light-collection efficiency,
phc-)toca.thode efficiency and photoélectron collector efficiency,

nonuniformity of the photocathode, and the process of photoelectron *

multiplication--broadens the distributions obtained for gamma rays

L\

of all energies.
(b) The x-rays produced after photoelectric effect can escape from a

small crystal and produce an escape peak of energy E = hv - EK L’
. ’
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whe re EK,L is the bindigg enef‘gy of the K or L,; ‘electron in
_ iodine. ‘ ; - o \
(c) The photons scattered in‘Comp_to‘n effeét may ber';:a;;tured in the
) érystal and produce a pulse c-orrespbnding" to t.hebfu;ll'vene rgy of the
| gamma ray. ' ' . o - ’

(d)v The positron formed in pair prodﬁc_: tion will annihilate wii;h an electron
and resuif in the production of two 0.51-Mev gamma rays. Thus we
may have three diffe}ren‘t peaks in the spectrum corresponding to the
absorption of none, one or both of the emitted photons. The
separation between each of these .peaks is 0.51 Mev, and the
Separation éan be used as a check on the energy calibration.

(e) For higher-energy gam‘rna rays the resulting electrons may escape G
from the sides and the ends of the crystal. This effect causes the
line shape to be asymmetrical, with a tail on the low-energy side.

(f) High-energy electrons can also interact with the nuclei of the crystal |
and lose enei'gy from the production of bremsstrahlung. Some of
the resulting photons escape from the crystal and cause an ‘
a.symmetrical line shape with a tail on.the low-ene rgy side,

’ It is readily seen that the effect of these secondary processes is

véfy strongly affected By the size of the crystal used. Secondary

photons (Compton, annihilation, or bremsstrahlung) produced in the center

of the crystal have a higher probability of being captured in the crystal

than those produced on the periphery. Similarly the,probabili_ty that

an electron will .scatter from the side is determined by the position

at which it originates.. For'these reasons, the incident gamma

rays were collimated along the crystal axis. The crystal used

in these measurements was a right circular cylinder 3 in. in diameter

and 3 in. lonvg, and was manufactured by the Harshaw Chemical

Com/pa-ny. The. collimators used had a 1-in. circular aperture and

were  8 or 10 in. long. It was readﬂy apparent that fhe collimation

. resulted in more easily resolved pulse -height spectra for higher-energy

photon.s. ' The pulséshe:fght distributions expected for higher-ene rgy

phd_tons have been c'alcuiated and ‘observéd by sé%rer_al authors. 34,35, 36, 37

| In order to usevthe NéI(Tl) vcrystia‘l as a gamma-ray spectrometer
it is necessary to es'tabli‘sh a relationship between pulse height and the

energy of the initiating gamma ray. This is accomplished by using
. ' /
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| .sources producing gamma rays of' known energy"'and ektrapolating this
relat1onsh1p between pulse he1ght and energy mto the desned reg1on

In the measurements of garnma rays em1tted from the exc1ted states of
”the C1 nucleus it has been very convenient to use a PoBe neutron
source, as it ylelds a 4.43- Mev gamma ray or1g1nat1ng from the first
exc1ted state of C 12 produced in the reaction Be (o. n)C12 . It has

' 'been estabhshed that the pulse he1ght per Mev lost is very nearly

’ " 1ndependent of electron energy for a NaI(Tl) crystal 31 therefore a
linear extrapolatmn of energy can be used. However, it is essent1al to

.' ascertaln that the assoc1ated electronlc equlpment does not destroy this

' l1near relat1onsh1p A cal1brated pulser was substituted for the output

| of the photomultipher when the pulse -he1ght analyzer was set up. This
B procedure cancels any effects of nonl1near1ty in the assoc1ated amplifiers.
EIt is poss1ble to check over -all l1near1ty by observing gamma rays of .
d1fferent energies from varrous sources. This procedure is satlsfactory
for gamir'na'ray—s of a few Mev but forces one to make a rather large
extrapolation'to gamma rays of 15 to 20 Mev. In 'order to dete rmine that
IR drop in the voltage d1v1der did not contribute to nonlinearity at higher
energles the voltage across the dynode structure was increased until
the output pulse for a 4.43-Mev gamma ray was greater than that
correspond1ng to 25 Mev. In order to keep the photoelectron collect1on
efficiency constant a constant voltage was maintained between the
photocathode and the first dynode Recal1brat1on at this increased gain
assured that any error in extrapolat1on would arise from processes
w1th1n the crystal Comparlson of the output pulses from the 4.43-Mev
and 15.1 Mev gamma rays indicated llnear1ty of the NaI(T 1) crystal

» W1th1n the errors of measurement :

‘The UCRL ten- channel pulse -he1ght analyzer38 was used' to
obtain the pulse -he1ght spectra A ten-channel PHA does not permit
one to measure an entire spectrum at one time, so that it is necessary to
’ change the relat1onsh1p betWeen the pulse height and the settings of the ’
| analyzer It was found that nonhneanty of the linear amplifiers made it
undesirable to use a subtractor since 1t was necessary to readjust the

discriminator settlngs each time such a change was made. As a result,
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it was decided to leave the analyzer settings fixed and to change the
amplitude of the input‘.si.gnal by means of an attenuator. This technique
has the advantage that the fractional resoltuion (window width/pulse
height) is the same for all portions of the spectrum. An additional
advantage is that one is able to keep track of the rélative widths of the
channels by using a sliding pulser and quickly observe any drifts in the
discriminator circuits or linear amplifier. .

| Nonuniform photosensitivity across the cathode surface produces
differeﬁt pulse heights for flashes occufring in the phosphor near regions
of high and low sensitivty. 31 This effect was re_ducéd by placing a light
pipe bé tween the érystal and the, photomultiplier to distribute the light
‘more evenly across the photocathode. Optical" coupling between surfaces
was achieved through the use of Dow -Cdrning DC-200 silicone oil. A
Du Mont K—11.97 (prototype of 6363) end -window photomultiplie r.was
) u'éed. To achieve maximum collection of pPhotoelectrons the volfage
”betweenr the photocathode and first dynode was set at.300 volts and the
potential of the auxiliary focus electrode was adjusted to obtain the
largest output pulse. _31 To reduce photomultiplier noise the outside of
the photomultiplier was painted with silver paint, which was in turn
electrically connected to the photocathode and the case of the NaI(T1)
crystal. The photomultiplier was magnetically shielded with a mu-
metal shield that extended past the photocathode and over the light pipe.
This assembly was mounted inside two éoncentric soft iron cyiindrical

shields.
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ITL. - EXPERI'MENTAL PROCEDURES AND RESULTS
A. High-Energy Excitation Furiction .

The variation in'yield of the '15.1-Mev level as the incident energy |
of protons bombarding a carbon target was varied from 60 to 340 Mev
was measured at the 184-inch syrichrocylot‘r‘on.' ‘'The physical arrénge- ®
ment of the experiment is shown in Fig. 8. The pair spectrometer
viewed the carbon target at 90° with respect to the direction of the
internal beam. The targets were clamped to the end of a thin copper
bar which was extended radially into the cyclot;ron-tank and the entire
- unit was bolted to the Wat'ef;cooled end of the hollow pi'obe". (see'Fig. 9).
Constantan wires soldered to both ends of the copper bar permitted
measurement of the témpe rature difference resulting from the flow of
heat down the copper bar. The thermocouple arrangement was calibrated
" by substituting a resistor for the target and measuring the differential
emf for various input p’dwer levels. Under cohditions of bombardment
"the power dissipated in the target is related to the amount of beam
striking the target, and allows the determination of an absolute cross
section, ' |

The energy of the incident proténs was changed by placing the
target at different radii and using the known magnetic field to calculate
the energy of the incidént protons. Correction was made for the fact
that the target-to-detector distance varied with each new setting of the
target.

Figure 10 shows the photon spectrum obtained with the target
placed at the 340-Mev radius. Here we can observe the photons arising
from three different processes: (a) the higher-energy photons (peak
~60 Mev) produced by the decay of the neutral m meson, 39, 40, 41,

(b) the 15.1-Mev photons arising from the decay of the corresponding
excited state of Cl.z, and (c) the lower-energy photons (falling -

continuum) produced by proton bremsstrahlung. 1 Figure 11 shows the

G

change in photon spectrum as the energy of incident proton is lowered
to 60 Mev. Reference to Fig. 14 indicates that the intensity of the

15.1-Mev gamma ray is not changing greatly over this energy region,



Fig. 8. Experime_ntal arrangement at the 184 -in. synchrocyclotroh.
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ZN-1410

Fig. 9. View of the target holder and thermocouple beam monitor.
Constantan wires soldered to both ends of the copper bar
permit measurement of the temperature difference arising
from the flow of heat.
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. 10. Photon spectrum from the bombardment of a carbon

target by 340-Mev protons. The photons are produced by
three different processes:

(a) the higher-energy photons from the decay of the

neutral w-meson, (b). the1]25 1 -Mev photons from the decay
of the 15.1-Mev level of C'%, and (c) the lower-energy
photons by proton bremsstrahlung.
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so that the change in spectrum shape arises principally from the variation
in the intensity of the proton bremsstrahlung and elimination of 'rro
photons as the incident proton energy is reduced. 1 The primary reason
for meesuring an excitation function for the production of an excited
state of a nucleus over such an energy region was to try to get some
insight into the processes involved in these higher-energy reactions.

. Serber has pointed out that when a nucleus is bombarded by a high-
ene r:g'y nucleon the collision time between the incident particle and a
particle in the nucleus is short compared with the time between collisicnrs"
of the particles in the nucleus. 42 This leads to a picture of nuclear v
reactions in which the first step is the collision _of the incident particle
with the individual particles of the nucleus. At these energies the total
cross sections for free nucleon-nucleon scattering have decreased to the
extent that the mean free path for a nuclear coilision 1s comparable to
the size of the nucleus, and the nucleus begins to Be transparent to the
incident particles. In addition, the incident particle loses only a small
fraction of its energy to the struck one. This implies that the collisioné
made by the incident particle cannot be considered as collisions between
free particles, since it is impossible to leave the struck nucleon in a
momentum state already occupied by some other nucleon of the nucleus.
The result of this effect is to increase the mean free path of a high-
energy particle travers1ng nuclear matter over that expected for c0111S1ons
between free particles.

By use of this model of the nuclear reaction, ‘it has been possible

to compute an expected energy dependence for the production of the N\
15.1-Mev level in C by high- energy protons. It was assumed that
the residual nucleus was excited through the collision of the incident
proton with one nucleon that gained 15.1 Mev of kinetic energy. The \
probability of excitation through multiple collisions is assumed to be
relatively small, since small momentum transfers are discouraged as
a consequence of the approximate Fermi degeneracy of nuclear fnaﬁter.
Figure 12 shows the relative probability, as a function of incident
proton energy, that a 15.1-Mev neutron will emerge from a free
neutron-proton collision, and that a 15.1-Mev prdton Wﬂl emerge from

: . s . d .
a free proton-proton collision. The experimental values of d(‘oiused in
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Relative probability that a nucleon of
15 1-Mev will emerge from a free n-p and
p-p collision. The experimental data come
from the compilation by W. Hess:43
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this calculation come from the compilation by Wilmot N. Hess of High-
- Energy Nucleon-Nucleon Cross-Section data. 43

The mean free path of the proton in nuclear matter is given by

o= oo
t
O
where p is the nucleon density, o is the total cross section for -
‘nucléon-nucleon collision, and f is a reduction factor attributable to
the exclusion principle. 44 The brackets 1nd1cate an average over all

the momentum states of the nucleons in the target. Figure 13 shows the

calculated values for )\t" Here we have taken

: Zo__ +(A-Z)0| ' , .
b = PP iin - L (0. +0_)
A 2 PP pn

for’ Clz. The expe r1menta1 values for the total cross sections were
taken from Hess. The values of f were taken from Goldberger45
and Morrison,et al, 46 who used a Fermi gas model to describe the
“nuclear states. ' ' v J
The probability that there is a single collision in_a_. distance S

that results in a 15-Mev nucleon is given by

S % S.% _ S
- X , dx. o X
P, = e B ) (ZEy(e Tty S
0 M5 s

whe re )‘t = mean free path for all collisions,

and )\15= mean free path for ""15-Mev collisions."

The first term® in the integral is the probability that there is no
collision in the distance X, the second term is the probebility that
there will be a collisieh resulting in a 15-Mev nucleon in dx, and the
last term is the probability that there is no collision in the _remAaining‘

distance,
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Fig. 13. Mean free.path-of a proton in nuclear matter.
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.Following the procedure of Fernbach, Serber, and Taylor, 41 we

may calculate the cross section for a spherical nucleus. A particle

passing through a sphere at a distance p from a line through the center

emerges after traveling a distance 2S, with SZ = R2 - p2 . - Integrating
the probability for a single collision over the sphere, we obtain
2S
- —
o =2m 2 e t pdp
\
o 15
— ' ZR X ) . .\1
: IR
- IM A Fle (xtz +‘2R}\t+2R2) ,
by :
' . 2R ‘ -7
‘ T X
, L 2 Sty 2 _ 2
o0, 1)‘t Xt -e ()\t + 2R\ + 2R")

The resultant excitation function’is shown in Fig, 14 tdgéther with the
experimental points that have been normalized to obtain the best agree-
ment with the higher-energy points. |

The agreement between the data and the calculated excitation
function is better than should be expected in view of the simplifying
assumptions made. Carrying the calculation to 1owevr energies re -
qu1res the consideration of refraction at the nuclear boundary and of
barrier penetratmn for both ingoing and outgoing protons. 7,48, 49
Exper1ments at 31 Mev seem to indicate that excitation occurs more
strongly through 1nteract10ns at the rim of the nucleus. 49,50,51, 52
As a result, the measured angular distributions have been compared with
the theory of Austern-Butler-McManus, which.considers igte raction to
occur only in the outer rim of the nucleus.

The experimental variation of the cross section as the bombarding
“energy is changed has been reproduced rather well by the theoretical
curve based on the assumption that the relative cross .secfions for
nuéleon-nucleoh collisions within the nucleus are the sam‘e as for free

nucleon-nucleon collisions. However, the absolute cross section for
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producing an excited state via this mechanism depends upon the
properties of the final state, i.e., upon the probability that the struck
nucleon can form the excited state, * This would argue that states that
can be reached by a single -particle transition would be excited more
strongly than states requiring the transition of two or more particles.
Such an argument has beéen made by Strauch and Titus54_a-nd used to

suggest the possible configuration of the 9.6-Mev state in C12

B. Low-Energy Excitation Function

The variation inyield of 15,1-Mev gamma rays as a function of
incident proton ene rgy from threshold to 31.5 Mev was measured while the
pair spe.ctrometer was at the l‘inac‘ The energy of the incident beam was
reduced by placing polyethylene absorbers in the beam prlor to final
collimation. Polyethylene was chosen so that the productlon of neutrons
might be rn1n1m1zed A 100 mg/cm polyethylene target was used for _

“all runs. - Multiple scattering of the beam resulted in a reduction of the
amount of beam collected in the Faraday cup as the energy of the protons
incident upon the target was reduced Correction for this effect was
made by measuring the fractlon of 1nc1dent beam current that was lost
when the target was placed in the beam. The largest fractmn lost was
12% Interpolatlon between measurements was made by assuming a
Gaussian angular d1str1but10n55 and using the fact that the rms angle
of scattenng is inversely proportmnal to the mc1dent energy

The Faraday cup was lined with carbon to reduce the neutron -

' background and was made w1th a 1arge ape rture so that the reduct1on in the

‘collectioncd beam when the target was placed in the beam would be small.
Because of the large ‘aperture no clearlng field was prov1ded .and therefore
it was necessary to evaluate the effect due to secondary electrons in
order to measure an absolute cross sect1on This measurement was made
in collaborat1on with H. B. Knowles, who later used the same cup. Two
measurements of this effect were made. The lirst consisted simply of
companng the relat1ve beam currents measured by this cup and by the

cup normally used at the linac. The beam was monitored by measuring
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\

the protons scattered from a thin carbon target in the scattering chamber.
vRuns were made at varying beam intensities to assure that the monitoring
counter was giving a true measurement of the integrated beam. The
second measurement consisted of putting the Faraday cup in the magnetic
field produced by a set of Helmholtz coils and observing the beam collection
as a function of magnetic field. The beam was monitored by the scattered
protons as before. As expected the measured current attamed a plateau
for field strengths larger than that requ1red to clear the electrons ejected
from the front foil. Both measurements agreed within the errors
associated with the measurements, and indicated that the measured
current was 88,55+ 0, 53% of.the actual current.

The exc1tatlon functlon obtained at the 11nac is shown 1n Fig. 15.

We first note that the threshold is appropriate to the direct production

of the 15.1-Mev state. The two points in which the energy of the protons
dropped below threshold (shown partially dashed) have been corrected

for the fraction of the target that takes part in the ‘productio‘n.of the 15.1-Mev
gamma rays. Also shown are ‘the thresholds for the competlng react1ons
that or1g1nate in this energy region.

The process by which the carbon nucleus is exc1ted by inelastic
proton scatterlng in this energy region is st1ll a subject for 1nvest1gat1on
It is p0551ble to consider that the reaction occurs through the formation
of a compound nucleus (N]l ) which lasts long enough for the incident
proton to share its ene rgy with all the nuuleons. > A proton will be
emitted when the ene rgy irn’pa’rted to it is sufficiently great that it can
escape the 'nuclea_r well and pene'trate the Coulomb and centrifugal
barriers. Calculations have also been 'nnadein much the same manner as
was done in Section III-A, assum1ng that the excitation is due to knock-on
processes taking place throughout the whole nuclear volume 48, 49

The Austern Butler McManus theory53 involves the direct inter-
action of nucleons occurrlng in the peripheral reglon of the nucleus,
and pred1cts angular d1str1but10ns that are determined by the change in
angular momentum of the proton. '

However regardless of the postulated interaction mechamsm

there are features common to all that come from the fact that one can

»
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with some exactness separate regions in which the Hamiltonian is
fully known from regions in which it is not. >7 The known regions give
the de’pendence of a. reacti»oﬁ upon barrier penetration and reflectidn at
the surface of the nucleus. This separation of the reaction into regions
is illustrated in the compound-nualeus pictufe of nuclear reactions. The
probability that a proton will be emitted from the N13 compound nucleus
is given by '

rp = _11__ ~ ]_-'E -h_ ,

T T

where Pg is the probability of the proton's leaving the _nuélear: surface
and T.is the average time for the compound nucleus to rearrange
itself to emit the proton#. 56 Now, P!Z is given by

4k
PE— — vy >

K
where k is the wave number of the outgoing particle and K is the
wave number within the nucleus. The term 4k/K comes from the
reflection at the nuclear surface resulting from the abrupt change in
wave length, and the factor v/f indicates the effect of the Coulomb and

centrifugal barriers. Accordingly we may write
= (2k R ,
_Fp ( Vf) Yp

where R is the nuclear radius. 56 The first term represents the
dependence upon conditions "outside'' the nucleus and Yp’ the ”reducéd
width, ' gives the dependence upon conditions within the nucleus.  For

an £ = 0 outgoing proton we have

de VE G v, |
where G 1is the Gamow factor for penetration of the Cc;ulomb barrier.
Referring to Fig. 15, we see the experimental excitation function ob-
tained for 15.1-Mev gamma rays compared with the energy dependence
expected for an ¢ = 0 outgoing proton, normalized so that the area under

the curve is equal to the area under the second''point'" (indicated by solid
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horizontal line) above threshold. The curve for £ =1 o’utgvo'ing protons
did not even roughly approximate the data and hence was not drawn.
We also note_that the cross section drdpé above ~20 Mev, which may be
accounted for by the fact that this ié the threshold for the reactions
c'?(p, N2 ana c?(p, pn)cll, |
The fact that the energy dependence near threshold is consistent
‘with £ = 0 outgoing protons is in agreement with the measurements by
‘Kavanagh, 14 who finds that the yield of 15.1-Mev photons in the reaction
Bll(d, n)ClZ>§< varies as \/EJ: as expected from f = 0 outgoing neutrons.
In addition, Kavanagh found two resonances, presurﬁably from the

13

formation of compound states of C The ene rgy resolution obtainable

in the ,Clz-‘(p., p')‘CAlz# excitation function would not peijmit seeing
comparable resohances from the fo'rmatidn of excited states of-the N13'
compound nucleus. ) .

Figure 16 shows the excitation function from threshold to 340 Mev.
The yield to 30 Mev was measured at 80° to the beam'direction«, and the
yield' above this energy was measured at 90°. These data are :combined,
as the yield is not expected to change significa’ritly in this angular range.
The absolute cross sections from the synchrocyclotron data (60 to 340 Mev)
are subject to more uncertainty, ‘as the beam current was determined by
the therfnbééﬁple monitor (see Section.II-,A). The indicated errors include

the error to be expected from this monitoring system.
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.C . Excitation by 90 ~Mev Neutrons

In connection with the problem of dete rmining the reaction
mechanism .for_:hi_ghevr proton energies,, it -was suggested.that excitation
- might be occurring through the Coulomb fi.eld-. In order to test this
~ hypothesis it was decided to seé if the excited level could be produced by
inelastic neutron scattering. It was decided to use a NaI(T1) crystal 3 in.
- in diameter by 3 in. .léng rather than the pair spéétrometer because of
_ its higher efficiency and 'gr:eater rn.obil,ity. ‘ _ _
‘ The neutron beam was produced by stripping the 180-Mev deuteron
beam in a Be target. ?8 ‘The neutron flux was manitored with a bismuth
fission chamber. 60 The NaI(T1) crystal was viewed with a DuMont
K1197 photomultiplier t;ubé and the assembly was placed in a lead-brick
.structure that provided 4 in. of Pb on all sides. This was in turn
cox-re,r,ed,with_cadmi;um and paraffin to reduce the counting rate due to
 neutron background. . ) : _ _ _ v‘
.. The energy calibration of the crystal was accom_pliéhed_by using the
- .0.51-. and 1.28-Mev ga_r’nmé. rays from a;lNa-Zz-:- source in-addition to the
.4.43-Mev gamma ray from the first excited state of_Cl'2 produced by a
7 deée source. In order to use the crystal over such én extreme energy
.'.ra‘.nge (0.517.t0115.v1,Mey) the pulses were passed through an attenuator
box, .and this was used to change the effective gain of the system.
. A series of ta‘ruget-i.'n and target-out runs taken at several. settings
of the attenuator indicated that thé 15.1-Mev level was being produced
by the inelastic. scattering of 90 -#¥lev neutrons from the Cl‘2 target.
This then served to indicate that the ene,rgir_,level was not being excited

.. .throughthe Coulomb field in the proton bgmbardment‘ .of _Glz. :
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£) . Alpha and Deute ron Bombardments

The conservation of isotopi¢ spin in miclear reactions requires

“~'that the states formed in reactions 1nvolv1ng only alphas and deuterons

! have the same isotopic spin as the ground state of the bombarded

‘nuclei. 61,62 This would proh1b1t the product1on of T =1 states in the

< inelastic scatte ring of alphas and deuterons from’ C 2. The degree of
“inhibition of these reactions depends upon the pur1ty of compound system
as well as that of the initial and final statés’ Therefore it was decided
té - measure the yield of 15.1-Mev gamma rays in these forb1dden re -
“ actions, and to make a- comparlson with the y1e1d obtamed in nonforb1dden
react1ons " o ' ,
*'The 184 -inch synchrocyclotron was used to provide :deu't.e:rons and

~alphas of sufficient energy to excite the 15.1-Mev level by inelastic
scattering. A Nal crystal 3 in. in diameter by 3 in. long was used to
detect the photons emitted at 90° to the internal beam. The Acrystal was
placed outside the 20-foot-thick concrete wall and was shielded with 4 in.
of Pb that was in turn eovered with Cd sheet. This proved to g1ve adequate
‘neutron shleldlng; as the concrete wall had thermalized the emerging
neutrons. The target was mounted in‘the' the rmocouple -monitor holder,
but the usable beam intensities were so low that it did not operate. In
-ifact, ‘the beam had to be' dropped below the level at Wthh the ionization

- chambers within the shielding prov1ded a useful momtor for the operators.
- To c;rcurnvent this drff1cu1t:y, a counting-rate meter was used to monitor
thé rate at'which pulses greater than~0.5 Mev were produced in the
crystal. Outputs from ‘this monitor were connected to a Leéds and
Northrup Speedomax Recorder and to a meter installed in the control
room. The 184-inch synchrocyclotron produces a burst of beam about

60 times per second. The widfh of the beam pulse depends upon the target
radius bht is of the order of 100 microseconds. The beam level was
adjusted so that the oounting—rate monitor indicated an average counting
rate of 2 to 3 counts per bearn pulse. Since the resolving time of the pulse-
height analyzer was ~10usec, this setting wa%‘, more than adequate to
insure that there would be no difficulties fromidead time and pile-up in

the measuring of gamma rays of~4 and 15 Mev.
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To insure the produét‘iq’n of 15-Mev gamma rays during the
preliminary runs while the necessary instrumentation was being tested,
a thick carbon target was bombarded with ~30-Mev protons. When it
became apparent that it would be impossible to measure the internal
beam current, it was decided to compare the yield of 15.1 -Mev gammas
with the yield of 4.43-Mev gammas in each reaction. The 4.43-Mev
gamma ray results from the excitation of the first excited level in Clz,
so that its yield gives an indication of the probability of an inelastic
collision in the various bombardments. Also, since it is a T = Q0 level
~ there will be no inhibition of its yield frorn\is‘oto‘pi‘c spin selection rules,
The pulse-height distribution obtained from the proton bombardment of
carbon is shown in Fig, 17, and the yrield= of 15.1-Mev gammas was
0.091 + 0.009 of the yield of 4.43-Mev gammas.

Beca’uvsev the parameters for synchroc&clotron operation aré
ess_e_nti'ally. the same whether it is accele rating al‘phé.s or gieute rons,
an alpha bé'am has a large deuteron contafniﬁa‘tion if the accelerator
contains residual deuterium from a recent deuteron bombérdme‘nt.
Circumstancés made it necessary to examine ."'the alpha-péirficl_e
reactions shortly after a deuteron bombardment, and hence it was
necessary to seé if the deuteron conta-min‘atibn could be reduced.

In a fixed‘-freqﬁe'hcy cyclotro‘h deuterons and a'l’ph'a'si-a‘re readily
vseparated as the shghtly d1ffer1ng e/m ratios require different
settmgs of the magnetlc field. In the synchrocyclotron, the alphas
should be captured into a stable "bunch' at a somewhat highe r frequency
than the deuterons. | To ﬁse' this effect to separate the alphas and deuterons,
the various parameters were adjﬁs_ted to obtain the maximum beam
intensity and then the arc timing was adjus ted to cause the arc to strike
early, i. e., at a h1gher frequency. By ad_]ustment of the arc timing
only, the b‘eam was reduced to the proper intensity as. 1nd1cated by the
counting -rate monitor (approximately 1/60 of full intensity). The
spectrurh of gamma rays obtained by bombarding a Be target showed
the 4.43-Mev gamma ray originating from the decay of the first excited
state of Cl'2 produced in the reaction Beg(q,-n)Clz*. To determine the

effect a contamination of deuterons would have, the arc timing was
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adjusted until the same counting rate was obtained on the low-frequency
side of the maximum setting. The spectrum did not indicate a 4.43- Mev
gamma ray, ‘ showing that thé intensity of alphas had been reduced below
a measurable level. There were, however, two gamma rays of ~/2 and

6 Mev present in the spectrum, and a careful search was made for vtheir
presence in the gamma-ray spectrum when the arc timing was returned
to the previous setting. That these gamma rays could not be detected
was taken to be an indication that the variation of arc timing had produced
a beam of alphas reasonably free of deuteron contamination.

The gamma spectra obtained from bombarding thick targets of Be
and C with 175-Mev alphas were obtained. Thé pulse -heigh{t‘distribu‘tion
obtained in the bombardment of C is shown.in Fig. 18. In the Be’
(o.,n)Clm< reaction the yield of 15.1-Mev gammas was 1.252 + 0.22 x 10-2
of the yield of 4.43-Mev gammas. In the inelastic scattering of 175-Mev
alphas it appears that there rhay be a small yield of 15.1-Mev. gammas
superimposed on a continuum of higher-energy gamma rays. ~ This yield
is smaller than 2.7 x 1072 the yield of 4.43-Mev gammas. After com-
pletion of the alpha runs the synchrocyclotron was changed to deuterons
and the gamma -ray spectrum produced during the bombardment of a
thick C target with §85-Mev deuterons was measured. Here there was
no trace of a peak at 15.1 Mev, but uncertainty in yield due to the presence
of a continuum of gamma rays permits the placing of an upper limit of
2 x 10'3- on the intensity of 15.1-Mev gammas relétive to the intensity
of 4.43-Mev gammas. : _ | '

Later it was pdssible to measure the gamma spectrum produced by
the inelastic scattering of 48-Mev alphas from carbon at the Crocker
'La‘b‘ofatory 60-inch cyclotron. The .expe rimental setup is shown in Fig. 19.
The Nal(T1) crystal viewed the thin target through a th‘in window on the
side of the scattering chamber. A newly constructed shield was used
that provided a minimum of 4 1n ‘of Pb around the crystal -photomultiplier
assembly. The Pb was enclosed in a layer of boron carbide for neutron
shielding. In order to moderate the neutron flux so that it could be | |
captured in the boron, the entire shield assembly was surrounded with

blocks containing a mixture of boric acid power and paraffin. This
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shielding arf‘angement reduced the backgroumd from the alpha beam to
such an extent that the main background came from cosmic rays. The
pulse -height distribution obtainédv in this run is shown in Fig. 20. There
is no indication of any yield of 15.1-Mev gammas, and the absence of the
g'amma-ray continuum observed in the higher-energy bombardments
permits placing an uppér limit of 2 x 10-5 on the yield of 15.1-Mev

" gammas relative to the yield of 4.43-Mev gammas.

Table II shows the relative yields measured in various reactions.
It is easily seen that the for‘bidden reactions give a lower ratio of yieids
than do the allowed reactions. Actually, in the higher -energy réactions
there is the possibility that the outgoing deuteron or alpha will break up
and pe rmit the formation of a T =1 state. That such a phenomenon could
be occurring is indicated by the possible weak appearance of a 15.1-Mev
gamma ray in the 175-Mev C (o.', (i-')Clzag< data but not in the 48 -Mev data
(Fig. 18 and 20.)

The ratio obtained in the Beg(a, n)ClZ*’rea'ction is quite different
from the ratios obtained in the other allowed reactions. Some inhibition
of the formation might be expected if Be9 were regarded as made up of
two alphas and a loosely bound neutron, since merely replacing the
neutron with the incoming alpha would not form a T =1 state. Rasmussen
et al. have found that the yield of ~v 15;Mev gamma rays from a thick
Be target with 21.7-Mev alphas was ~6% the yield obtained from the
' bombardment of a thick target or B4C with 10.8-Mev deuterons, 9
Unfortunately the ratio of gamma-ray intensities is not known for either
of these experiments, so that it is difficult to compare them with the
other reavc‘tionsJ

Rasmussen et al, wér'e interested in determining the yield of 15.1-Mev
gammas in the forbidden N14(d, o._)Clz* reaction. A l-inch-thick NaI(T1)
crystal was used to detect the gamma rays. With a thick Melmac 404
(N6C3H6) target they '"obtained a small number of counts corresponding
to y radiation ofm%ﬂle.S Mev." A photograph of an oscilloscope screen
"indicated that tﬁis was probably the same vy ray obse rved with the boron
target. Comparison of integral counting from the Melmac and B C

targets, after subtraction of background, gave an intensity ratio ofﬂ'O 03."
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Table II .

.Relative yields of 15.1- and 4.43-Mev gamma rays in

various reactions

- Reaction

L5 1Y 43 Notes

Conditions

1. ¢l%(p, pc!t?* ~s30 Mev, thick target, 90° 0.091  0.009

2. c'?(p,pycl?* 30 Mev, thin target ~0.13 (a)
3. 'Blo(HeS‘-, p)Clz* 2 Mev, thin target _ 0.12 £ 0.007 (b)
4. Be’(a,n)c!?* 175 Mev, thick target, 90°  (1.25  0.22) x 102
5. cl%(q,anc!?* 85 Mev, thick target, 90° 22x107° (o)
6. cl?(a,anc!?* 175 Mev, thick target, 90° 2.7 x 107> (c)
7. c'?(d,ancl?* 48 Mev, thin target, 90° <2x107°  (q)

(a) Assuming isotropy of 15.1-Mev radiation and comparing with cross

(b) From data of Almgqvist, ‘Bromley, Gove, and Litherland.

‘section for 4.43-Mev level determined by Hecht.

51

66

(c) No discernible 15.1-Mev peak. Ratio is obtained from a continuum of

higher-energy gamma rays.

(d) No discernible 15.1-Mev peak and no continuum of high-energy gamma

rays.




asiic scattering data, but there is no real basis for coampas son,
since the yield relative to the 4.43-Mev gamma ray is not known.

The results of these experiments are discussed further in

Section IV.

E. .Branching-Ratio Measurement for Radiative Decay

The 1.5-‘Mev level in C‘12 can decay through the emission of an ‘a
particle or through the emission of electi‘oma-gnetic radiation. The
observed 15-Mev gamma ray represerits an electromagnetic transition
from the 15.09-Mev level to the ground state. In addition to the ground-
state transition there also are transitions to any one of the lower-lying
excited states. In particular, one would expect to find a gamma ray of
energy E’Y =15.1 - 4.43 = 10.67 Mev correspondlzg to a transition to the
first excited state. The flI'St excited state is 27, and if we identify the

15-Mev level as the analogue of the ground states of B12 and le, it is

14,
1t ,
Bo'th transitions, then, would be expec'ted to be magnetic dipole
(Ml)’ and on the basis of a single -partlcle transition probab111ty64 the

relative intensities would be glven approx1mate1y by

3
— ,\/ = 10 7 = 036,
15.1

Examination of the earlier photon spectrum did not indicate the presence
of a 10.7-Mev gamma ray. Therefore it was decided to remeasure the
" spectrum in an effort to determine the relative transition rates to the
-ground and first excited states. |

Previous expe rie.nce had indicated that the resolving >power of the
NaI(T1) crystal was insufficient to detect the 10.7-Mev gamma in the
presence of the 15.1-Mev gamma ray. It was decided to use the pair
spec'tromete_r described in Sect. II-A at the linear accelerator so that
the exéitation function could be continued to lower proton energies during

the same run. A diagram of the experimental setup is shown in Fig. 21.
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The physical size of the 20-ton po.ir.fspectromo.ter magnet made it
ne‘ce:ssatry to place the spectrometer outside the linear‘acce‘le,ra‘tof
_buildin'g and to erect a temporary canvas shelter. This further feq‘uired
“that the 31-Mev proton beam be brought out 40 feet _bey_ond«the" end of the
' line»é,‘r accelerator tank. ‘The beam was _focuséd_on the. carbon target |
| b.y‘:me'a'ns of a set of strong-focusing quadrupole magnets.

. . Conta’ary to our Previous experience 1n using the pair spectrometer
'at the 184 -inch synchrocyclotron a considerable background counting rate
was found to be due to a flux of neutrons. This necessitated a great
deal of effort to sh1e1d the spectrometer and to reduce the number of
neutrons produced by the beam. It was found that a considerable
“fraction of the neutrons was being‘produCe("i«in the brass vacuum pipe,
and this source was reduced, to a very large extent, by placing carbon
. collimators at regular intervals along the beam path. A new carbon-
lined Faraday cup was built to reduce the neutron flux created when the
beam was stopped. Additional shielding--conéisting of a 2-foot-thick
concrete wall, a tank of boric - acid-loaded water, and quantities of
paraffin, boric acid powder, and cadmlum--succeeded in reducmg the
background counting rate to a neghglble amount.

The thickness of the carbon target was chosen so that the energy
of the protons traversing the target was reduced below the threshold
for producmg the 15.1:Mev level. This procedure yielded the maximum
- photon intensity per-incident proton flux. This was of some importance
be cause t~h'é ~ beam was run at maximum intensity at all times and
~the counting rates with the thin converter necessary for energy resolution
weré low. . L ' .

. In order to be able to detect the transition to the first excited
‘state -at-all, it was nec‘es‘s»éry-to adjust the field so that-the 10.7-Mev
gamma ray appeared at the center of the spectrometer: range. ‘At this

field setting the 15.1-Mev gamma ray occurs in one of the highest
- channels at a reduced efficiency. Hence the yields ‘of both the 10.7- and
'15.1-Mev gamma rays were measured. 51mu1taneous1y so that one need know
only the relative efficiency of the spectrometer for these gamma rays to ‘

determine their relative intensities. The efficiency calculations were



=57-
checked expe rimentally by changing the field so that the 15 1 -Mev
gamma ray appeared at the center of the spectrometer range " Close
‘agreement was found between the observed y1elds and those expected
from the efficiency calculations. - :
| The spectrum of photons measured at 80° with respect to the
31-Mev proton beam 1svshown in Flg. 22. The spectrum shows the
presence of a gamma ray of 12.8 £ 0.2 Mev in addition to the 15.1- and
10.7-Mev jg’amrna- rays. This gamma ray can be identified as the
‘ground state transition from the 12.76-Mev level in C12 4,14,18 The

intensity of this gamma ray relative to the 10.76 -Mev gamma is

Ii2.8

I

= 0.95 .

10.7

The ratio of intensities of the 10.7- and 15.1-Mev gamma rays under
. the conditions of observation is

' I170.'7 ‘

= 0.095  0.014 .

gy

-The relative ‘intensities of these garnma rays were measured in two

: separate runs and the results of these runs were in agreement within
‘the errors associated with the measurements. Only the data from the
‘second run have been used, because the background was conmderably
reduced and the statistical errors are accordingly smaller,

‘The measured relative intensities of 10.7- and 15.1-Mev garnma
rays give the relative transition probabilities only if the angular
distributions for both gamma rays are the same. It was hoped that the
angular dependence of the photon yield would be decreased by the spread in
the proton energies in the target, but subsequent measurements by
Almgqvist, Bromley, Gove, and Litherland indicate a branching ratio of
2.4 £ 1%, 18 In their experiment the 15.1-Mev excited state was produced
‘in the Bl()-(He:}’,p)C12'>!< reaction. For the branching _ratio measurement
they used two NaI(T1) crystals, 5 in. in diameter by 4 in. thick, in

coincidence. The 10.7-Mev gamma ray was detected by observing the spectrum
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'in:one crystal in coincidence with the 4.43-Mev ga;rnma ray detected

in the other. The crystals were pleced close to the target so that each
subtended a cone of about 40° half angle, thus tending to smear out any
angular effects. Several measurements were made at differert angles
and each gave the same result. "Their chief source of error arises
from the uncertainty in subtracting from the coincidence spectra the
contribution of the 11.7-Mev gamma ray resulting from the transition
from the 16.E-Mev level in CIZ' to the first excited state. However,
even if they omit this correction the branching ratio inc reases only to
3.8%. :

Reference to the energy-level diagram of Clz in Fig. 1 indicates
‘a number of levels whose excitation energy is greater than 16 Mev and
that are known to decay via gamma transifions to the ground and first
' efccite‘d states of CIZ, However, each of these states is known to decay
primarily through particle decay. 4 In none of the various bombardments
have we been able to detect a gamma rey of éenergy greater than 15.1-Mev.
‘A particularly careful search was made during the run with the pair
"s.pectro'meter at the linear accelerator for gamma rays cerresponding
to the higher excited states, but with no success. The resolution of the
spéthrom'eter is sufficient to separate clearly gamma rays of 10.7, 11.7,
and 12.8 Mev, and no indication was found of an 11.7-Mev gamma ray.

From the analysis of the NaI(T1) pulse -height distribution resulting
from the observation of phoﬂtons scattered‘ at 120° by carbon, Fuller and
Hayward place an upper limit en 'the 'intensity of gamma rays of ~“11 Mev
as 10% the intensity of the 15.1 Mev gam‘ma rays. 65 ‘;I‘his limit
- presumably includes whatever contribution the 11.7- and 12.8-Mev gamma
rays may make.

The d1ffer1ng measurements of the relative intensities of the 10.7-
and 15.1-Mev gamma rays preSumably indicate that the angular distribution
is not the same for both gamma rays. The 15.1-Mev level is 1t so that
the transition to the 07 ground state is M1. The tfansition to the 27
first éxcited state is also M1, assuming pure multipole emission, but
we must admit the possibility of the admixture of E2 radiation to the

2% level. The angular distribution of both gamma rays is of the form
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1+ a2 P (cos 0) no matter what the mixture of the rad1at1ons,

and A1mqv1st has shown that the ratio of the a2 coefficients is deter-

mined by the multipole mixture of the transition to the first excited
. 68 '

state. .

To estimate the amount of mixed radiation present it is necessary

to make some assumption concerning the nuclear forces. We may first

consider a single -particle configuration, that is, one nucleon outside a

closed shell subject to an ordinary potential V(r) due to the remaining

nqcle‘ons. In this case Moszk'owski64 has shown

13 _ 3
2.8x 10 ° E |
TMl)  _ 7 * 0 Ay | _ s
T(E2) 1.6 x 10° A% £ °

For the j-j, coupling model according to which the nuclear wave

_functmns are constructed from seve ral independent single -particle

69, 70, 71

wave fu‘ncl;lons, Rose has shown72 that a rough estimate of

relative intensities is given by
T(M1) | (2L + 3)2 Ak \ 2 |250L + 3) s

T(EZ), (kR) M C A E

Because of the large difference in these es'tim_a;tes of the amount
of mixing, it is desirable to see wh‘a’tﬂem’p'irical data exist. A survey
of the radiative transition in light nuclei ( A £ 20) has been made by
Wilkinson. 73 For each transition W1lk1nson has calculated MZ, wh1ch
is defined as the actual radiative width r divided by the single -particle
shell-model estimate (Weisskopf unit), rYW’ appropriate to that typg
(multipole order and parity change) of trans1t10n The data indicates
that for E1 transitions the distribution of M centers on M2 = 0,032
and that a variation by a factor of seven in transition speed on either side
of this value covers 85% of the transitions. The disribution for Ml
tra"nsitbi'o,ns centers on MZ = 0.15, with a variation of 20 on either side of
the mean necessary to include 85% of the transitions. The number of E2
tv.ransitio‘ns known is small (only 8), so that it is rather difficult to draw

general conclusions. If we average the values of M2 for which the
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radiative widths are well known, we find M2 av = 1,5 for E2. As
- pointed out by Wilkinson,  this enhancement of speed may be due to
experiméntal bias in that only the strongest transitions can be seen.

We may now utilize these results to correct the single -particle -

model estimate of the amount of admixture of E2 radiation present:

T™MBYave.  oasTMy
T(E2),,, 1.5 T(E2)

This estimate agrees with the second calculation, but represents only

a rough estimate because of the range of values of M~ obtained for

‘both M1 and E2 transitions.
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IV IS OTOPIC S PIN

Quantum-mechamcally the conservation laws arise from the
invariance of the Hamiltonian operator with respect to certalnvtrans-
formations of the frame of reference in which § is descr1bed .The
dynamic variable .T was introduced by ngner . as a quantlty that
should be a constant of the motion, or 'a good qna‘ntu’mv number, ' with
a charge-independent Hamiltonian. The choice of a charge -independent
Hamiltonian is in accord with the empirical evidence, from high-energy
nucleon-nucleon scattering that the nuclear portion of the p-p 1nteract10n
is the same as that of the n-p interaction. 75 76 The symmetry of the
purely nuclear parts_ of the n-n and p-p.interactions is indicated by the
close agreement in mass of the ground states of mirror nuclei after
subtractlon of electrostatic effects and the neutron-proton mass
difference. 4,12 o o

As the Coulomb 1nte raction between protons constltutes a deviation
from charge independence of nuclear forces, the apphcatlon of an
isotopic-spin formalism to the problem of nuclear structure is restricted
to the light -n‘uclei - The assumption of charge independence 'permits the
predlctlon of relat10nsh1ps between the states of isobaric nuclei. The
mirror nuclei, "such as HeE-L'5 and Be -L17, differ only in the exchange
_ of a single neutron for a single proton, and hence, as regards the intra-
nuclear forces, only in the replacement of some neutron- neutron bonds
, for proton proton bonds. Examination of the level structure of the
“mirror va.cle112 indicates a one-to-one correspondence of the excited
states as regards spin, parity, and energy, after correction for the
neutron-proton mass difference and the Coulomb energy. In a set of even
isobars, such as Belo, VBIO, and Clo, the outer members (BelO-Cm)
differ only in the exchange of a neutron pair for a proton pair, and the
level structures of the two nuclei correspond as in the case of the
mirror nuclei. The center member (\B ), having substltuted an-p .

- bond for n-n or p-p bonds, has stat_es _that are forbidden for the outer

pair by the Pauli Exclusion Principle, | in addition to the analogue states.
Thus, the hypothesis of charge ‘ind‘ependence__ of nuclear forees.predicts '
~“that every state of the asymmetric members will have an analogue in the

symmetric one, but not vice versa.,
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In addition to predicting re_lationéhips between the stationary states
of isobaric nuclei, the aésumption of charge independence also leads to
predictions concerning the dynamic properties of nuclear reactions.
Adai'r61 and Kroll and Foldy()2 have discussed the restrictions imposed
on heavy-particle reactions when isotopic spin is conserved in nuclear
reactions. In particular, in reactions involving the emission and ab-
SOrption ’of'pérticles with T = 0, such as deuterons and alpha particles,
the initial and final states must hdve the same isotopic spin. The
existence of selection rules for the emission and absorption of electric
' dipole radiation was first pointed out by Trainor, i and since then
‘Radicati’'® and Gell -Mann and Telegdi79 have shown that for any multi-
polarity of radiation, whether electric or magnetic, the selection rule
is AT =0, 1, with the limitation that the selection rule is
AT =+ 1 for electric dipole transitions in self-conjugate nuclei,
neglecting higher-order terms in the E1 operator. However, it has
been shown by MacDonald that these higher-order terms are much less
effective than the isotopic ;spin impurity of states in producing violations
of the isotopic-spin selection rules.

Even under the conditions that the specifically nuclear portion of
the internuclear interaction is charge -independent, isotopic spin cannot
strictly be a good quantum number because of the existence of Coulomb
forces. The effect of the Coulomb interaction is to mix states of diffe rent’
isotopic spin but of the same spin and parity. This mixing of states of
differing isotopic spin results in a lessening of the effectiveness of the
isotopic -spin selection rules. Thus by examining the validity of the
isotopic -spin selection rules it is possible to determine the extent to
which mixing of states is occurring, and to compare this with the amount
of mixing attributable to the Coulomb interaction.

Unfortunately, as pointed out by Adair, 61 the amount of isotopic spin
‘impurity is difficult to determine from reactions involving T = 0 particles
or from radiative transitions as the transition probabilities are proportional
to the squares of the isotopic-spin mixing coefficients. ! Thus, a
reaction leading to a state consisting of a mixture of 10% of a wave "
function the reaction to which is allowed and 90% of a wave function the

transition to which is forbidden will result in a yield of the order of only
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1% of a completely allowed reaction. Barke r'and Mann indiea'te that

- the relative number of protons and neutrons emitted from an excited
state of a self-conjugate nucleus produced via El absorption can give
a sensitive test of mixing, since the mixing coefficients enter 1inea.r1y'
into the transition probabilities. 81 ‘The giant resonances are generally
ascribed to E1l absorption, but all other multipoles can produce both
T = 0 and- T = 1 excited states and cause different proton and neutron
emissions. o

An extensive investigation of the vv.alidity of isctopic -spin selection

-rules has been conducted by Wilkinson with various collaborators. 82-91

For the most part the experiments ha.ve been concerned with the
selection rule AT ==+ 1 for EIl transitions in self-conjugate ﬁuc;lei. To
obtain a measure of the impurity of excited states it is necessary to

- compare the measured widths for forbidden transitions with the expected
Widths for n'onforbid_den transitions. In order to make this comparis_on,

. Wilkinson has compiled the_known-radiativ_e widths for various rhultipole
transitiens occurring in the light nuclei. 7_3 It is to be noted that the-
selection rule 1nvolv1ng self- con_]ugate nuclei does not test charge in-
dependence, but only charge symmetry, i.e., that n-n = p-p. The
T = 1 impurities expected for the T =0 ground states of light nuclei
as a result of Coulomb mixing have been calculated by Rad1cat191 and
MacDonald. 92

states should be greater because of the closer prox1m1ty of states of

it 1s expected that the impurity of the higher excited

‘the same spin.and parity but differing isotopic spin.

The mixing of T = 0 in the 15.11-Mev state wouid result in a
relaxation of the selection rule prohibiting the production of the state by
cl2(a,amncl?*) c12(q,a')c1?*, and N'%(d, 0)C %" as well the decay of
the state through the emission of an elpha particle. To the exten;t‘: that
the prodﬁgtion of this state by__‘incomi'ng alphas and deuterons proceeds
: tHrough an inte}rmedife.,te f:ompoilnd nucleus., the strength of the reaction
.depends upon the impurity of the compound system as well as upon the
impurity of the initidl and final states. -‘The p:obability of alpha emission
_to the first excited state of_Be8 is also governed by the impurity of

initial and final states. However, the impurity of the low-lying levels



-65-

should be very closely the same as that of the ground state, and for
' Be8 the amount of T = 1 admixture in the T = 0 ground state has been

vcalculatedgz to be

_ag (1) 2 4.4x107%,

It is therefore desirable to use information in the probability of a
emission to estimate the isotopic spin impurity and then comparé with
the results obtained from reaction data.

From measurerhent’s of ﬂ and FY , Fuller and Hayward give
'0

18.65 < ro. £24.5 £ 8.2 ev>! The spread in ro, comes frqrh ascribing
a radiative ~-transition probability to the first excited state of Clz of

0 to 10% that of the ground-state transition (see Sect.III-3). We may
estimate the amount of mixing by comparing the observed a width_ '

to that expected for an uninhibited transition. This may be done by
comparing the '""reduced widths'" that result when one removes the -
dependence of the transition probability upon the probability of
penetrating the Coulomb and centrifugal barrier.

We may first write
[[=2x®r A

whei‘e k is the wave number of the He4-Be8- pair; Pﬁ is the penetrability, .
and Y, is the reduced width for alpha-particle emission. 93 The

penetrability is givén by.

1 ’

P =
F,” (R) +G,“(R)

{

where FIZ(R) and GQV(R) are the '"regular" and "irregular' solutions

of the radial wave equation. 94,95 If the 15.11-Mev level is '1.'.?'; particle

decay must occur through d-wave alphas to the 2.90-Mev 2% first

- excited state of Bes’. For R we choose R = 1.40 (A11/3 + A21/3) X
-13 -13

10 cm =5.0x 10

R | 96 k] 1 e
on carbon and oxygen, and obtain

cm, in accord with the results of a scattering
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The amount of isotopic -spin impurity can now be obtained from a
comparison of Yq observed with that expected for an uninhibited

transition. For a single - particle excitation the reduced w1dth 1s given

approx1m::1l:ely9 by
: 2
: 6
Yo ¥ Yyg - :K_EZ = 3.6 x10° ev.

If many particles are excited, then the reduced width may be expressed

by
- T 2
a ,ZuRz 4 ASn
where the C give the strengths of the individual wave functions. The

: ASn e _
sum of C‘)\Sn~ will in general be much less than one, but setting it equal

to one we obtain the '"Wigner Iiriiit,"‘
L Yyw = ﬁz = 5.4% 10° ev.
¢ % 24R o

Y

Use of the Wigner limit pe rmits one to place a lower 11m1t on the 1nten51ty
of the isotopic -spin impurity, '

20> & =7.9%10°
YaWw

Observed a w1dths vary from the single -particle width to ~0.001 of
that width, 94-96, 98 s0 that one cannot with certainty do more than to
establish-a lower limit for the isotopic-spin impurity. However, the few
large (widths are probably due to a single -particle excitatieu where the
alpha particle retaing its identify 'in the compound nucleus The very
small widths are associated with transxtions forbidden by 1sotop1c -spin
selection rules. Within a factor of ten we would expect an un1nh1b1ted

transition to have Yq >~ 0.01" YuS’ giving .
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. Y | _
a,%(0) & S -14x107’
T ooty g

This may be compared w1th the theoret1ca1 f1gure of MacDonald for the

3 92. It is of 1nterest to note

ground state of C 2,’. namely 0.2 ~ 1.9 x
‘that the "1nten51ty” of the isotopic-spin 1mpur1ty for the 15 1 Mev level
is the same as that of the ground state within an order of magmtude
Further information on the mixing of isotopic spins is obtained
from the experiments measuring the yield of the forbidden reactions.
From Table II of Section III-D we can estimate that, within an order of
magnitude, an a’llowéd reaction would give a yield of 15.1-Mev gamma
rays of approximately 5% the yield of 4.43-Mev gamma rays. With this

estimate we may calculate an effective isotopic-spin impurity alz (0),
eff.,
defining it as the ratio of the forbldden vield to the yield expected for an

allowed reaction. 85 The quantity a, (0) is determined by the purity
- eff

of the 1nit1a1 and final states and also " by the way the nucleus is excited.

(0)
leff

The values of o are tabulated in Table III.

Table IiI

Effective isotopic spin impurities observed in various

reactions
Reaction 115"1/14.43 : 0L1z 02
eff
s . - ' T -
5. c'?(a,anct?*. - <2x1073 <4 x 1072
. %k - . . -
6. cl?‘( ,ahcl?’ . <2.7x107° <5.4x 1072
12 12% ‘ ‘ -5 -4

7..-C “(a,a")C R A S < 4x10

aAs;vsur‘ning 115 1/14’}°43 = 0.0 5 for aln allowed t'rans‘ivtiqn)'.




-68 -

The relative amplitude of the state of isotopic spin T' which the

Coulomb forces mix with.th,e state of isotopic spin T is given by
H :
T' ,

whe re ;A‘E is.the energy separation of the state T and those of T!

of the same spin and parity that are being mixed by HC, the Coulomb
matrix element. It has often been assumed that aT(T',.) would be larger
for highly excited states, since AE is smaller. This will be true only
if the matrix elements connecting near-by states are as large as the
matrix elements for more distant states. Actually it appears that the
large matrix elements of the Coulomb interaction are those arising

88,92,99 14 this case AE is also large,

from excitation of the core.
so that the contribution to 02 is not large. The calculations by Barker
of Coulomb matrix elements connected T =0and T =1 states of C1

in I.-S coupling show that matrix elements are smaller for states of the
same configuration than for states of different configurations. 9 From
this it can be seen that one should not expect highly excited states to
necessarily have large isotopic-spin impurity.

According to a compound -nuclens picture of reactions of {d,d'),
(6,a'), and '('d,o,) types, the intermediate nucleus can be excited in the
region of overlapping levels. In this case it is the effective isotopic
spin of the several excited states that governs the reaction rate. |
‘Wilkinson has suggested that the amount of mixing is a time -dependent
phenomenon. 88 Upon formation the compound system has an 1sotoplc
spin the same as that of the initial system, but as time pass~es the
Coulomb forces perturb this total state and cause the growth of other
isotopic spin states.. Thus the observed mixture of is‘oltopic spin states
depends upon the lifetime of the compound nucleus.

Vaughn has found good evidence in the inelastic scattering of 48-Mev
alphas from C12 and Mg24 that this reaction proceeds via a direct inter-

action process. 00 The time required for such interactions is short, so

that one would expect only a small amount of mixing. The N14(d, a)ClZ
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reaction presumably proceeds through'tvhe formation of the compound

) % . .
. .nucleus 016 . In the thick-target experiments by Rasmussen €t al. ,
the compound nucleus would have excited states from 20 to 31 Mevwv. 9

For this excitation of 016, Wiltkinson's data would predict a 4}(0) <0.1,

The observation:of V15-Mev gammas by Rasmussen et al. may be

88

-an 1nd1cat10n that the intermediate system has a longer life in the i

*
(d ) 12% reaction than in theC (, "C 12 reaction, even thou__gh

the excitation energies are comparable in both reactions.
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V. SUMMARY

It has been estabhshed that the 15- Mev gamma ray orlgmally

reported is the result of the rad1at1ve tran51t1on from the 15.1-Mev

level in Clz. The 1nh1b1tlon of alpha decay and the 1nh1b1t10n of the
f)roduc tion of this level by reactions forbidden by the isotopic -spin
selection rules indicate that this level is T = 1. The excitation energy
and the measurement of J = 1 indi.cete that this level is the analogue

of the ground states of B12 and NlZ. This 1dent1f1cat1on permits the
ass1gnrnent of positive parity to the state.

The excitation function for the production of this state by the

inelastic scattering of protons has Been measured from threshold to

340 Mev. The variation in yield near threshold is shown to be consistent
with that expected from the penetration of the Coulomb barrier by 2 =0
outgoing protons. The variation in yield for highe r-energy protons

(~ 60 to 340 Mev) is in agreement with calculations based on assumption
of excitation through the collision of the incoming proton with a nucle on
within. the entire volume of a spherical nucleus.
The radiative transition from the 15.1-Mev level to the first
"excited state of 'C'Z has been detected. At 80° to the direction of the
'incident 31-Mev proton beam the branching ratio is 0.095 + 0.014 with

a thick carbon target. The branching ratio has been meesured as

0.024 + 0.01 by Almqvist, Bromley, Gove, and Litherland under conditions
that would smear out any angular effects. These differing measurements
pPresumably indicate that the angular distribution is not the same for both
gamma rays.

. Comparison of the reduced widths for alpha emission to that expected
for an allowed transition indicates that the intensity of T = 0 mixture in
the 15.1-Mev level is comparable to the intensity predicted for the ground
state. This can be"interpreted as meaning that the Coulomb matrix elements

'inixing near-by states are smaller than those mixing distant states.

| Expe riments comparing the yield of 15.1-Mev gamma rays in
isotopic -spin forbidden and allowed reactions pe rmit the calcula.tion of
effective isotopic -spin mixing coefficients. For the inelasticvscattering of

48 -Mev alpha particles from Clz, expe rimental conditions pe rrhitted
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placmg an upper limit on a% (0) that is smaller than the value

: #
‘expected for a reaction proceegmg through the 016 compound nucleus.

- This indicates that the reaction probably proceeds through a direct-

interaction process and that the lifetime of an intermediate systern is

' too short to permit effective mixing of states of differing isotopic spin.
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APPENDICES

1. Angle of Emission of Pairs

In the process of creating a pair of positive and negative electrons

“through the absorption of a vy r‘éy, energy and momentum conservation
- are possible only if another particle is present (for instance, a nucleus).
As we are dealing with a three -body system, there. does not exist a
unique angular relationship between the electron-positron pair and the
direction of the incident photon. However, since the electric vector of
the radiation has no componént in the direction of the radiation, there
are no electrons ejected directly forward. Also, és the mass of the
electroﬁs is so much smaller than that of a nucleus, the electron pair
carries away most of the energy of the y ray and thus the center of
gravity of the pair should move almost collinearly with the photon.

The process of pair production is closely allied to bremsstrahlung,
so that one may obtain the differential cross section for pair production
from the Bethe -Heitler formula for bremsstrahlung. 101,102 As a
. consequence of the use of the Born approximation the electron and
positron are treated symmetrically, whereas the nucleus repels the
positron and att’i:racts. the electron. This effect is greatest for small
‘elettron Velocit{es (i. e.v, low -energy photons) dnd for high-Z
material. The result is to decrease the prebability for pair production
when 'p+ is small and increase it when p~ is small. Thus the positron
is emitted with an average angle smaller than that of the electron. The
angular distribution at low energies has been studied experimentally by
Simons. and Zuber, 103 Groshev and Frank, 10_4 and Groshev. 105 The
results indicate that although the mean anglé of emission for light
elements agrees with the p’redictio_ﬁ of the Born approximation, for
heavier elements they increase with atomic number, and the value for
the positron is smaller than that for the electron.

A useful approximation to the angular distribution predicted by the

102

Bethe -Heitler formula is given by Heitler. The number of electrons

(positrons) emitted between angles § and $ + dg is given by

dd
N@ dg o 2
& +3)°



-74 -

where _ 2
. §p = = : - _ » . )

" The angle at which maximum electron emission takes place is

‘found by differentiation to be

%
Ven

2 max

and the angle of bipartitioﬁ, defined so that half the electrohs' are

emitted within it and half outside it, is closely given by §p; 23

2. Multiple Scattering of Electrons

As an electron traverses the converter it undergoes a large
number of coilisions, .m'.ost of which produce very small angular de -
flections. We wish to compute the probability that an electron
emerges from the plate with a given angular deflection as a result of
these successive collisions. From Rossi, 55 Sect. 2.16, we obtain

the following formulas:

2
e 2 _ ‘(ES ) 1
',“’S .- — — )
BC XO
and , , .
2 .
<'@ >‘ i x{'(for no energy loss),
- where o
< >‘av = mean square angle of - scattermg,
X = radiation length, _;.1._.__ 4 q N
- X A
.. 0
2.2 183

Z Te hl ZI7-3 ’

¥ = thickness in radiation lengths,
Es- 21 Mev, -

BCP = 'T = Kinetic energy for relativistic particles.
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The above formulae are derived with the assumption of Rufherford
 _scattering by a point charge, with angular deviations limited by screening
~at small angles and by the finite size of the nucleus for large angles.

The converter thickness at which multiple scattering becomes more
impdrtant than the natural angular spread of the electrons due to the
pair-production process is indep_é_nder_lt of energy because both angles
vary inversely with energy. To estimate the relative impoftance of the
two pfocesses ‘we may compare ¢_ = mecZ/EY to the rms scatter ng

angle of an electron of energy T = EY/Z;

21 X
rms_ _ X0 “_"82\/7 .
¢p rnc2 ' ; X‘O. .
E
Y

>

O = b, for x, =2 ;20_2 ~15x1070 %, .
Using X, = 6.35 g/cmz for TVaL we find x_ =9 x 1074 g/cmz, a
thickness that is much smaller than the thinnest converter used in the
experiment. The abové conclusions are qualitatively in agreement
with the observations of Kinsey and Bartholomew, 25 who began to
notice the ‘effects of multiple scat.tering" with a gold converter of ~ 7
"mg/cm2 or 1.2 x 10_3 XO . The converters used in thve spectrometer
were alwayé much thicker than X, §O that multiple scvattering is the
dominant process determining the electron angular distribution.
"'I‘h'e»angular. spread in the electrons affects the spectrometer in

two ways:

A

(a) Scattering of the particles in a vertical direction causes
them to miss the G-M tubes, thus reducing the efficiency
of the spectrometer. v
(b) Scatfering of the particles in a horizontal direction causes the
' .elecvtrons to reach the plane of the G-M tubes with a
smaller appar_eni: ré.dius of curvature because of the |

focusing properties of the 180° geometry.
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- Thus. we f1nd it convenient to cons1der the - pro_]ectlon 0 of the
total deflect1on on a plane contammg the or1g1na1 traJectory For small

" angles we have
z> 1 oz i e 2
< ave -~ ( ®> . ave © —2— 6 g .

-I:T‘rom' Rosm Sect 2.17 (loc 01t .) we, can obtam the d1str1but10n
function for a beam of partlcles tzraversmg a th1ckness xof material.
Letting the y ax1s be the horlzontal ax1s and the Z axis the vertical
axis, we 1et Pl-x, y, 6 )dy, d6 be the number of partlcles at
thickness x hav1ng a late ral dlsplacement that falls within. dy at y
and travehng at an angle w1th1n de at By. For small angular

Adeflectmns and no energy loss, we have L

P&, y, 6.) dy do
PGy .y)}:vv 19,

We may neglect the lateral dis‘placerﬁeﬁt'in the foil, as the converters
used are thin. By integrating P over y we obtain the function
Q(x, Gy) that represents the angular distribution:

- S 5
1 8

Ly
- ex - . B
) S,‘-le/z P ( G'SZ;,@ )

Q(x, 9Y) =

and
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3. Straggling of El‘ectron"Energy Due to Converter Thickness

v Electrons produced ‘within the converter lose energy by means of
collisions with the atomic electrons, and by the emission of bremsstrahlung
~in the Coulomb field of the nucleus. The interaction of the incident electrons
with the atomic electrons is eharac’teiz"izedv by the fact that the energy

transferred to the atoms per collision is small. On the other hand,

in the emission of radiation an electron ‘may lose a large fractlon of its
ene rgy in the form of a single h1gh -energy photon We would thus expect
‘a small amount of stragghng to be due to coll1s1on loss, whereas the
straggling as a result of radiation should be large. .

Actually, the stragghng in energy loss due ‘to colhslons of a beam
of electrons traversmg a foil is 1ncreased by the fact that multiple scattering
of the electrons causes a stat1st1ca1 variation in true path lengths In
addition, it is. poss1b1e for an electron in a single colhsxon w1th another
electron to lose up to one -half of its energy 106 Experlmentally, we are
concerned with the probable energy loss due to colhsmns in passing

through a foil, which is given by 107

AEG = 0,153 px ——Z _ Eﬂn e S 19..45].M_CV:
‘ A X ,
%y = 1cm,
and the half width is given by

Z -2
= 0.61 pX — B_

Table IV shows the probable energy loss due to collisions of an electron

of B =1 passing through the converters used in the spectrometer.
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Table IV-

Probable ene rgy loss by eiectrons' from collisions

X AE o 1
g/cm? (M%) Mev) FC/AEC
0.02974  2.41x 10"2 7.32x 10-4 3.04 x 10°°2
1 .3 -62

0.13968 1.27 x 10~ 3.44 x 10 © 2.71 x 10

The resolution width for gamma rays due to collision loss is

'ZA.EC,' since both electron and pdsi‘tron lose energy in traversing the

converter. Because both particles lose ene rgy independently, the half

width for a'given X is \/2 F The line shape of the spectrometer

i

due only to collision loss is shown in Fig. 6.

The problem of straggling of energy due to rad1at10n loss has been

treated by H. Bethe and W. Heitler, 101 J. Rlchards ‘and L. Nordheim, 108

109

and L. Eyges. ‘The essential difference between the treatments of
this problem by the various authors cited is in the use of different
approximate expressions to represeht' the intensity-distribution cur§/es

in various electron -energy ranges The results of Bethe and Heitler

are in a convenient form for use, as only small changes in parameters

permits the use of Pearson's Tables of the Incompl_ete. 'Functions. 110

The appr'oximati()n ,.us'ed in this calculation is appropriate to electrons pf

energy greater than ~s 25 Mev, and it theréforeoverestimates the amount

of stragghng at energies of concern in this experlment
From Heitler, Sec_t. 37, 102 we find that the probability that an
electron still has an energy greater than e-y,O times the initial energy

after traversing a sheet of material is given by

dif
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where
'(bl -1 ', y0) ! 1is the 'Incomplete r:Function, n
~ 2 2 IR
Z ro
b=a N - S . .
. 137 ‘ . - . ‘ . ' .
N = nurnber of atoms/gram, - | '
- £ = length in g/cm2 ,
r

0 =clas sical ele ctron radius,

and '"a' is a parameter that determines the shape of the formula
a'pproxi'matlng the 1_n_tens1ty distribution curves. The parameter Matt-
varies only slightly in value; it is about 20 for Pb and 23 for H,O.

The converte rs used during this expe riment were made of tantalum,
and using a value of 20 for "a" we determlne that b = 0.206 cm /g

- The thickest converter used in the experlment was 0.137 g/cmz

(b2 =2.8x10" ), therefore we are interested in the straggling for

. foils with b{ <3x107“. U51ng Pearson's tables,.110 we may tabulate
kthe _pronability' W . that an'electron of initial energy EO in paseing
through a ''thickness' bf has energy E greater than fEO.

Table V

‘Stragg_ling of electron ene rgies in tantalum. W is the probability that
an electron of initial energy E_. has final energy greater than f E

. after passing through a foil ,0
Thickness | D e, v ‘,»fw_ ‘ 7 =,

of i’m - y :
(g/cm®) . . bl . = 0.98 £=0.95 f=0.90
0.049 0.01 0.967 0.976 0.982
0.097 0.02 0.935 0.952 _ 0.965
0.146 . ©0.03 0.904 0.928 0.948
0.194 - 0.04°  0.874 10.906 0.930

0.243 . 0.05° . 0.845 - 0.883 0.913
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Figure 7 shows the distribution of electron energies resulting

+ from the passage of a beam-of electrons of energy Ej through the

thickest converter used when only radiation:loss is.considered. :In the

spectrometer the electrons are being produced.uniformly throughout

the .thickness of the converter, so that, for a pagticular: ’EO" ‘the -

resulting distribution is sharper. To evaluate the effect of straggling

on the measured photon spectrum it is necessary-to consider.the fact

that the energy of the photon is:divided. between the electron and positron.

Aamod‘t111 ‘has shown that for a converter as thin éhtfs 0.02 in. of Ta

~(~2 7 times our thickness) the effective straggling in the measured

. photon spectrum,, after these processes are -take\n.into »acciount, is the
‘same as the straggling experienced by an electron of energy EY passing

- through the full thickness of the converter. Hence, for a 15.1-Mev
‘photon, 90% of the .counts would be contained in an energy width of less

_than 0.01 x 15.1 = 0.15 Mev. This represents an insignificant effect

- with respect to the other factors influencing the resolution of the

spectrometer and hence has been neglected.
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4, Pa_ir-_Spectrome\ter_ Efficiency

- The efficiency of a magnetic pair spectrometer is limited by the
- scattering of the electrons in the converter foil. The magnitude of this
-effect is of most importance for lower-energy gamma rays, since /
scattering isv'.gr‘eatest for low-energy electrons. Therefore, there are
" two factors working to reduce the efficiency of the pair spectrometer
for low-energy gamma rays: (a) the pa"ir-production cross section
is smaller for low energies, and (b) the converter thickness must be
reduced to keep the scattering corrections reasonable. During the
course of the experiments discussed in this thesis it was necessary to
use the spectrometer to measure the relative intensities of gamma rays
of~+ 10 to 15 Mev energy. The method of calculating the efficiency of
the pair spectrometer when a continuous spectrum is being analyzed
is presented in Reference 1. However, since it was desired thaf the
‘line shape of the spectrometer for gamma rays of various energies
be known, as well as the efficiency, a more complicated calculational
program was attempfed using the IBM 650 Computer. - ,

' The geometry of the apparatus is shown diagrammatically in
Fig. 23, in which the converter and the effective area of the counters are
in the XY plane, and the magnetic field is directed along the X
axis, and the y-ray beam is parallel to the Z axis. In the pair
spectfometer the X axis is the vertical axis and the Y axis is the
horizontal axis. Neglecting the small displacement arising from
scattering in the éonve_rter, we can consider the electron-positron
pair to leave the converter at the point (x,y). Let the momentum
vectors p+, P for the positr‘on and the electron have polar angles |

9+,_ 6". Let the angles between the projection of the momentum vectors
in the X'Z plane and the Z. axis be 6+v and 6-v, and similarly,
for the YZ plane, let the angles be 6 + H and 6 = H. After being
deflected by the magnetic field, the electron and positron enter the XY
plane at the coordinates (x-, y-) and (x+,y+), respectively.

The probability that an electron of proper energy will enter the

sensitive area defined by the coordinates Y, and Y, is determine;i
by OV and, similarly, GH determines the probability that the electron

of proper energy will enter the area defined by the coordinates X1 and XZ'
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p_'/+ P (Xz'.Y.) _ (X2.Y2)

Iy

(X,.Yo)

iy

MMMMMMMM

Fig. 23. Geometry of the pair spectrometer.
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Since the apparent energy of ;thje y ray is determined bSr y+ +y-,

the line shape of the spectrometer is determined by GH . Itis shox&n
in Appendix II that the angular distributions in OV and GH are the
same and that, to a very good approximation, they are Gaussian with

a root-mean-square angle:
21 zV/?2

1 | 1
e T em— 6 = .
' rms . C '
| V2 \/2 T X

where

T = kinetic energy in Mev,
Z = thickness of scattering material,

.X0= radiation length.

Thus it is possible to divide the efficiency and line -shape calculations
into two Asteps: first, the evaluation of the effect of horizontal scattering,
assuming infinite extent of the counters in the X dire‘ction,» and
' -secondly, multiplying these efficiencies by the probability that the pairs
‘enter within the vertical extent of the counters. . B

The 1800'-g-e‘ome‘try of the spectrometer gives us the relatidnship
that the apparent energy of an electron of energy:  E; .

0
emitted at an angle GH is

E :.EO cos GH

Thus, if the distribution is Gaussian, the probability that an electron

has an apparent energy between Ej and Ej 1 is

Pj i-1 = 2 et dt ,
L, - T
t.
j-1
where 0 'cos_l Ej
. £ = j - I/E_Zo .
J 3
Gc 2l Z
X
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and Eg is determined by EY , the energy of the gamma ray; and the
parameter v, where v is the energy of the positron divided by the
energy of the gamma ray. The value of Ej is determined by the value

of the magnetic field and the coordinates y and Yy - By letting

: Ej-Ej_l = 0.15 Mev, we may calculate the probability that, for a

particular v-splitting, the electron and.positron will. be in a particular
energy channel 0.15 Mev w1de Weighting each v-splitting by the
probability that such a splifting is prodﬁced’, | and summing over all

v's, we obtain the line shape. " This calculation was p"er'forrn?d for five

strips along the Y axis and five thicknesses of converter material.

. For each of these combinations the line shape was calculated for

10.7- and 15.1-Mev gammé rays for both magnetic field settings used
in the experirrients.
The correction for vertical scattering does not involve the

focusing properties of the m‘agne‘tic’ field, therefore the fraction of the

electrons inte{rﬂcepted by the sensitive area is given by

and X ox
| 0 tan~t 2
t - 2 = . TT(Y&:, -yj
2 g 21 = z'/*°
T XO

For the angles 91' and. _92 involved in the spectrometer we may

tan 0« O,
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with the result ' o :

SRS TP * x

‘A-r\tl 2 - W/z
2 21z

T X

0
_Since we are dealing with relativistic electrons,
Yy-V=eH)T,

where. a(H) is a parameter dependent only on the field.

Therefore we have

and the vertical scattenng correctlon is the same for all gamma rays
measured with a fixed magnetlc field. ‘

The vertlcal scattermg correctlon was calculated for six converter
strips taken along .the X axis. In the horizontal-scattering calculation
the line shape changed considerably from one thickness to the other but
the efficiency remained practically constant. However, the vertical
scatteijing‘affects the efficiency directly, therefore the converter was
divided into nine thicknesses, four of which were within_ the first
thickness used for the horizontal scattering calculation:

In summary, the efficiency of the spectrometer is determined
primarily by the vertical seattering, and the line shape is determined
by the horizontal scatte fing Horizontal scattering does have a slight
- effect on the efficiencies of the end channels, slightly 1ncreasmg the
efficiency of the hlgher-energy channels and slightly decreasing the
efficiency of the 1ower-energy,channels. The correction for vertical
scattering is the same to first order for all gamma rays measured at
a fixed magnetic field. |

An additional uncertainty exists when the losses due to vertical
‘scattering'are significant, since some of the scattered electrons can

reflect from the pole tips and be counted. The pole tips were lined
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with Al to reduce the hiagriif:ude of this effect.” An empirical test of the
efficiency calculations was made by comparing-the cbu_nt;ing rates for
15.1-Mev gamma rays obtained with two field settings.with a thin con-
verter (0,0294 g/cn{)2 Ta). The calculated ratio is 3.76, and that ob-
served is 3,86 + 0.23. ’ , |

o A further te-st. of the efficiency calculations was made by comparing
the counting rates obtained with two different converte rs_»(Ov.0294 and
0.1397 g/ém?’ Ta) at a fixed magnetic field. Here, the calculated ratio
is 1:.99 and the observed ratio is 3.22 + 0.23. »

The thin-converter calculation gives excellent agreement with
measurement, but the thick-converter yield is highér'than the corhputed
~yield. The correction.for verticall séattering is large for the thick
converter and thus indicates that electrons might be expected to scatter
from the pole tips. This is confirmed by the fact that the calculated
line shape agrees quite well with the observed shape for the thin con-

. verter, but that the thick-converter line shape was broader than the
calculated line shape.. Onl'sr:da't,a obtained with the thin converter were
used to determine cross sections, and the thick conve_fter was used to -
obtain the excitation funcfion; since its efficiency was three 'tirhes that

of.the thin 'cgr'mve rter.
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